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I . Abstract of the project results

The purpose of this proposal is to use modified photosynthetic light-harvesting (LH) complexes from
modern biosynthetic manufacturing methods of purple photosynthetic bacteria in order to control the
direction and orientation of the complex on electrodes for developing dye-sensitized solar PV cells. The
advantage of the LH complex is its high efficiency of light-energy conversion throughout the near UV to
near IR region and much higher durability using these methods than ordinary LH complex isolated from
photosynthetic bacteria. The present generations of PV solar cells are twenty to thirty times too expensive
to be cost-effective compared to other existing energy technologies. Expanding existing PV technologies by
incorporation of modified photosynthetic protein/pigments complexes or their protein-mimic materials to
perform tasks of light-harvesting and charge separation, is currently explored as a novel concept, which
makes use of natural protein environments to create a directional flow of light energy and electronic charge
separation, meanwhile reducing the cost aspect by the use of bio-materials and their synthetic
protein-mimic materials. The majority of the aim is construction of artificial photosynthetic antenna system
and building solar batteries using modified photosynthetic protein materials for energy harvesting

materials.

II. Result of the project.

Introduction

The past 10 years have seen tremendous progress in our understanding of the structure and function of
the pigment-protein complexes involved in the primary reactions of bacterial photosynthesis. The structure
of the reaction center (RC) revealed the nearly C, symmetrical arrangement of the redox centers and this
system has now been extensively studied by ultrafast laser spectroscopy. The structures of the LH2
complexes has revealed the nanomeric and octameric arrangement of repeating units consisting of two
apoproteins and one or two carotenoids and three BChls  (EU white paper artificial photosynthesis, 2006).

The light-harvesting mechanisms in these light-harvesting complexes have been studied both
spectroscopically and theoretically. These advances put us in a unique position of being able to exploit this
information to design artificial antenna systems based on ‘biological blueprint’. Our aim is to see if we
could produce an antenna module, which acts as a ‘sensitizer’, and a light-induced redox component for
solar batteries. As well as using LH2 complexes this summary also propose to use LH1-RC complexes.
One of its unique features is that it works over a large dynamic range of incident light intensities. It has a
remarkable ability to capture efficiently photons even at very low light fluxes, yet at the same time to
withstand very high light fluxes by efficiently dissipating the excess photons, thereby protecting itself
against the potential harmful effects of over-excitation.

It is important to understand not only the mechanisms of efficient light-harvesting but also those of
photo-protection. In order to understand these reactions both structural and functional information is

required. The data on how the energy levels and intermolecular interactions of the pigments affect their



energy-transfer properties, and how the ‘durability’ of the complexes is required for rational design of novel
solar-cells. Based on the experiments using the native antenna complexes, a variety of modified complexes
will be synthesized and tested for their usefulness in artificial solar-cells. After elucidation of the
mechanisms of harvesting, transferring, usage and dissipation of light energy, our aim is to optimize
under a given light intensity the energy-conversion efficiency and the durability of the core and the
antenna complexes by modifying the pigment Car and BChl as well as the supporting peptides. These
modified photosynthetic protein-mimic complexes will be assembled on electrodes as a light-induced redox
component, and the antenna complexes will be attached to a solar cell as a UV and Vis light harvester
modules to produce a new type of PV cells. These approaches will provide a foundation for the use of the
artificial core-antenna and antenna complexes and the development of new methods of dye-sensitized PV

solar cells.

Approach

Integration of photosynthetic proteins or protein-mimics with PV devices for tasks of light-harvesting
and charge separation will expand current PV technology with novel and inexpensive bio-components.
Design principles of natural photosynthetic units will form the guideposts for the design and development
of native light-harvesting and photoconversion matrix modules as described in the section of a plan of work
bellow. A critical step is creating functional supramolecular assembly of small organic building blocks that
co-operate to create a directional flow of energy using the operational principles of the natural systems.
Properties of the building-block molecules intrinsically have the capacities to direct their co-operative
assembly into structures with specific orientation and alignment. The advantages of the large scale of
modern biosynthetic manufacturing methods offers a promising route to economically viable devices.

Our goal is to use modified photosynthetic light-harvesting complex as a light harvester of the
well-established cell to convert light energy in the ultraviolet and visible region into that in the near
infrared region for the development of energy harvesting materials. The advantage of the light-harvesting
complex is its high efficiency of light-energy conversion throughout the near UV to near IR region and
much higher durability than ordinary isolated dyes supported by its inherent photo-protective function Thus,
the results of the above grounds can be directly applied to the development of solar cells using modified

photosynthetic light-harvesting materials .

Results and Discussion

Please see Time Table 1 below.
1. Molecular assembly of modified photosynthetic antenna core (LH1-RC) complex with His-tag to
control the orientation and direction of the complex on electrodes for the development of
antenna-mimics PV cells

Molecular self-assembly of LH1-RC core complexes as shown in Scheme 1 and its model

complexes onto various electrodes was used to develop new types of antenna-mimics PV cells. In the



current of our previous study, we used modified photosynthetic antenna complex with His-tag or modifiers
at the LH polypeptide using molecular biological methods to control the orientation and direction of the
complex onto electrodes as shown in Scheme 1 (T. Dewa, M. Nango et.al., Biochemistry, 44, 5129-5139
(2005))

The pigment-protein complexes of the modified LH1-RC complex were laid down onto functionalized
electrodes, such as ITO or Au electrode. Upon illumination photocurrents could be successfully measured.
Excitation spectra confirmed that these photocurrents were produced by light absorbed by the
pigment-protein complexes as shown in our previous data (M. Ogawa, M. Nango, et.al., Chem. Lett.,
772-773 (2004); M. Nagata,,M. Nango, et.al., Trans. MRS-J, 30, 655-658 (2005); Y.Suemori , M. Nango,
et.al., Colloid Surf. B, 56, 182-187 (2007); M. Kondo, M. Nango, et.al., Biomacromolecules 8 2457-2463
(2007)).

9 Electron acceptor 7 \
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LH1 RC LH1 hvy LH1 RC LH1
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Scheme 1. Schematic model of the assembly of LH1-RC complex with His-tag on an electrode
(a) and electron transfer pathway of RC (b).

(@) The C- terminal of LH1-RC complex and SP side of RC is oriented to hydrophilic SAMs on the
electrode and the H-chain is oriented to aqueous phase (C-His), and in contrast, the H-chain is oriented to
the electrode(N-His).



(b)Electrons are transferred along the pigments associated with the L-subunit of the RC i.e. from SP to
BChl a (0.47 nm transfer distance), to Bpheo (0.38 nm transfer distance) and finally to Q (0.9 nm transfer
distance).

It proves critical in this study to capitalize on our knowledge of the behavior of the complex to select
those that are the most stable and well organized. The best results were only obtained with the subset of the
most stable complexes which the orientation and direction were controlled. These studies were examined to
correlate the supramolecular organization of the complexes on the electrodes with the efficiency of
photocurrent.

AFM study resolved the organization of antenna complexes in native photosynthetic membranes as
shown in the manuscript attached (p.45-p.58) (Mikayama, Nango, et. al., J .Nanosci. and Nanotech. in
press). These techniques were now being applied to investigate the organization of the antenna complexes
and their synthetic model complexes on the electrodes. This work requires very careful attention to detail

and the current pictures were very exciting.

These results were presented several international or national meetings as described bellow;

1) M. Nango ”Construction of Bio-inspired artificial solar energy conversion system” Asia Optical
Fiber Communication & Optoelectronic Exposition & Conference (Shanghai, China, 16"-19" October
2007)

2) M. Nango “Self-assembly of light-harvesting polypeptide / pigment complexes for construction of an
artificial photoenergy conversion system” Okazaki Conference (Okazaki, Japan, 10™-12 November
2007.11.10-12)

3) M. Nango ”Self-assembly of light-harvesting polypeptide / pigment complexes for construction of an
artificial photoenergy conversion system” 7" International Conference on Tetrapyrrole Photoreceptors
in photosynthetic Organisms ~ (Kyoto, Japan, 9"-14 December 2007)

4) T. Sakurai, Y. Suemori, M. Hatasa, O. Goto, K. lida, T. Dewa, K. Yamashita, H. Tanaka, T. Ogawa, H.
Hashimoto, and M. Nango “Assembly of the light-harvesting / reaction center complexes of
photosynthetic bacteria onto a gold substrate” 7th International Congress on Tetrapyrrole
Photoreceptors in Photosynthetic Organisms ~ (Kyoto, Japan, 9"-14" December 2007)

5) K. Nakagawa, S. Suzuki, A. Mizuno, R. Fujii, A. T. Gardiner, R. J. Cogdell, H. Hashimoto, M. Nango
“Reconstitution of Light-harvesting 1 complex of photosynthetic bacterium Rhodospirillum rubrum
with the LH1 subunit-type complex and carotenoids and its characterization” 2nd International
Workshop of Photosynthetic Antennae and Coherent Phenomena (Osaka, Japan, 14" -16" December
2007)

6) M. Nango “Self-assembly of light-harvesting polypeptide / pigment complexes for construction of
an artificial photoenergy conversion system” 14th International SPACC-CSJ Symposium (Taipei,
Taiwan, 20-22" December 2007)

7) K. Nakagawa, N. Fukui, T. Nakano, T. Horibe, S. Suzuki, R. Fujii, A.T. Gardiner, R. J. Cogdell, H.
Hashimoto, and M. Nango “Probing the Effect of the Binding Site on the Electrostatic Behavior of a



8)

9)

10)

11)

Series of Carotenoids Reconstituted into the Light-Harvesting 1 Complex from Purple Photosynthetic
Bacterium Rhodospirillum Rubrum Detected by Stark Spectroscopy” 15th International Symposium
on Carotenoids (Okinawa, Japan, 22-27" June, 2008)

N. Fukui, A. Mizuno, T. Nakano, K. Nakagawa, A. T. Gardiner, R. J. Cogdell, R. Fujii, H. Hashimoto,
and M. Nango “Reconstitution of Antenna Light-Harvesting 1 Complexes from the Purple
Photosynthetic Bacterium Rhodobacter sphaeroides with LH1-Polypeptides, Bacteriochlorophyll a,
and Carotenoids: Carotenoid Specificity” 15th International Symposium on Carotenoids (Okinawa,
Japan, 22-27" June, 2008)

T. Nakano, N. Fukui, K. Nakagawa, A. T. Gardiner, R. J. Cogdell, R. Fujii, H. Hashimoto, and M.
Nango “Reconstitution of Light-Harvesting 1 Complexes from the Purple Photosynthetic Bacterium
Rhodospirillum  rubrum with  Separately Isolated Polypeptides (LH1-o and LH1-B),
Bacteriochlorophyll a, and Carotenoid” 15th International Symposium on Carotenoids (Okinawa,
Japan, 22-27" June, 2008)

T. Joke, Y. Takeuchi, S. Ishigure, S. Osaka, T. Dewa, Y. Amao, H. Hashimoto, and M. Nango
“Molecular Assembly of Chlorophyll Complexes on Electrodes for Construction of an Artificial
Photoenergy Conversion System” 17th International Conference on Photochemical Conversion and
Storage of Solar Energy (Sydney, Australia, 27 July - 1 August, 2008)

M. Hatasa, O. Goto, T. Sakurai, K. Fujii, T. Dewa, K. lida, H. Hashimoto, and M. Nango
“Self-Assembly of Light-Harvesting Complexes on Various Electrodes for Construction of an
Artificial Photosynthetic System” 17th International Conference on Photochemical Conversion and

Storage of Solar Energy (Sydney, Australia, 27 July - 1 August, 2008)

Please see the abstracts of meetings attached in this report (p.14- p.29).

2. Molecular assembly of synthetic LH model polypeptides with pigments on Au electrode

In

the current of our previous study, LH1 synthetic model polypeptides with His-tag at the C- or

N-teiminal, analogous to the native LH polypeptide were assembled on Au electrode. Then pigments such

as native and synthetic porphyrin or carotenoid derivatives were further selected and assembled on the

specific site of the LH1 synthetic model polypeptides to control the organization of the LH1-RC model

complex on electrodes as shown in Scheme 2. The structural effects of the pigments and the synthetic

polypeptides on the stable production of the efficient photocurrent were further examined.
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Scheme 2. Schematic model of the assembly of synthetic LH model polypeptides with pigments on

Au electrode
i) Molecular Assembly of BChl a Complexes onto ITO Electrode using Synthetic Light-harvesting
Model Polypeptides Bearing Spermine Derivative

la-helix hydrophobic polypeptide bearing spermine, which has similar amino acid sequences to the
hydrophobic core in the native photosynthetic light-harvesting (LH) 1-a polypeptide from Rhodospirillum
(Rsp.) rubrum, was synthesized. Interestingly, an enhanced photoelectric current was observed when BChl a
complexes together with the LH 1-o. model polypeptide were assembled onto an ITO electrode.

This result was published in Chem. Lett., 37 98-99 (2008). Please see the manuscript attached in this
report (p.18)

ii) Molecular Assembly of Zn Porphyrin Complexes onto a Gold Electrode using Synthetic
Light-harvesting Model Polypeptides

Molecular assembly of Zn porphyrin pigments on a gold electrode using synthetic 1a-helix hydrophobic
polypeptides which have similar amino acid sequences to the hydrophobic core in the native photosynthetic
light-harvesting (LH) 1-B polypeptide from Rhodobacter sphaeroides, has been achieved: this process is
dependent on the structures of pigments and polypeptides. Interestingly, an enhanced photoelectric current
was observed when Zn mesoporphyrin monomer with the LH 1 model polypeptide in an a—helical
configuration was assembled onto the electrode. This result was published in Tetrahedron Lett. 48
8468-8471 (2007). Please see the manuscript attached in this report (p.20)

iii) Molecular Assembly of Zn Porphyrin Complexes Using Synthetic Light -harvesting Model
Polypeptides

Synthetic 1a-helix hydrophobic polypeptides, which have similar amino acid sequences to the hydrophobic
core in the native light-harvesting 1  polypeptide from Rhodobacter sphaeroides, formed Zn porphyrin
complexes on a gold electrode, as well as in octyl-glucoside micelles: this process is dependent on the

structure of the pigments and the polypeptides. Interestingly, an enhanced photoelectric current was



observed when Zn mesoporphyrin monomer complexed with the synthetic light-harvesting model
polypeptide in an a-helical configuration was assembled with a defined orientation onto the electrode.
Analogues of these light-harvesting model complexes are also useful in providing insights into the effect of
polypeptide structure on the formation of light-harvesting complexes on and off electrodes. This result was
published in Photosynth. Res. 95 353-361 (2008). Please see the manuscript attached in this report (p.24)

3. Building Bioinspired Organic Solar PV Cells.
Development of Dye-Sensitized Solar PV Cells Using Photosynthetic Pigments

A dye-sensitized solar cell was fabricated using photosynthetic pigments such as chlorophyll derivatives
(Chl) (or their mimic pigments) and carotenoids as described above. Their photosynthetic pigments were be
examined to see electron transfer from the carotenoid to the radical cation of the dye sensitizer (Chl®)
blocks the reverse electron transfer from TiO,™ and stabilizes the resultant charge-separated state between
TiO, and carotenoid™* . No dye-based PV solar cells have built-in photoprotection mechanisms. However,
in protein-mimicking devices photoprotection could easily be achieved by incorporating carotenoid or
carotenoid-mimicking components, through co-assembly with the chlorophyll/protein components. For
effective energy triplet-triplet energy transfer, their absorption band should have spectral overlap and the
co-assemblies should be tightly connected for strong excitonic coupling.

We are now ready to fabricate several types of dye-sensitized solar PV cell by combining three different
kinds of pigments on various electrodes such as TiO, glass or plastic films (Scheme 3), collaborated with
Prof. Minoru Taya, University of Washinton in Seattle,US (see Time table 2).

] | TiO2 |
- Dye
- !
Redox electrolye e~
Light 11,

=500 particles
(10pm thick)

Sn0O, Mesoporous layer Counter-electrode

Scheme 3. Schemetic model of dye sensitized solar cell (DSSC)



One testable example for plastic films (10 cm x 10 cm) using mesoporphyrin derivative (MPMME),

chlorophyll derivative (PyOH, right) and carotenoid (Crocetin, left) was prepared as shown bellow.

PyOH Crocetin
=O=Crocetin
60 0= PyOH
=O0=MPMME
= 40 §
L
O
a
C
o 20
O/
OH
0
O 400 500 600 700 800
wavelength [nm]
MPMME
0
HO A e P Ve e ) e N o
Crocetin ~ ©

Figure 1. Photocurrent action spectra of TiO; electrodes sensitized with PyOH, MPMME, and Crocetin.
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Table 1 Performance of the solar cell including short-circuit photocurrent densities (J),
open-circuit Photovoltage (V.), fill factors (FF) and the conversion efficiencies (n).

Dye J s Vo FF n
(mA/cm®) (V) () (%)

Crocetin 3.82 0.554 0.68 1.4
PyOH 6.12 0.595 0.71 2.6
MPMME 6.87 0.662 0.71 3.2

Titania based solar cells were fabricated by the use of porphyrins, PyOH and carotenoid, Crocetin.

Interestingly, an enhanced solar energy-to-electricity conversion efficiency was observed for MPMME (n =
3.00 %) in comparison to PyOH (n =2.48 %) and Crocetin (n=1.32 %) (see, in Table 1). The increase in
photocurrent was explained in terms of high absorption intensity from 500 nm to 700 nm as shown in the
action spectra (see, Figure 1). The co-assembly of these pigments onto TiO, will cover the wide rang
wavelength from these action spectra, indicating the increase in solar energy-to- electricity conversion

efficiency.

Time table 1: Photoenergy harvesting Organic PV Cells Using Modified Photosynthetic
Light-Harvesting Complex for Energy Harvesting Materials inspired design of photoenergy

harvesting organic PV cells for energy harvesting materials.

Project period

Subtasks
4 months 8 months 12 months

Task 1 :  Molecular assembly
of  modified  photosynthetic

antenna core complex (LH1-RC)

A 4

with His-tag to control the
orientation and direction of the

complex on electrodes

Task 2 :  Molecular assembly of
the LH1-RC and LH2 complexes

\ 4

on electrodes

ask 3 : Molecular assembly of

A 4

synthetic LH model polypeptides
with pigments on Au electrode
Task 4 : Working electrode of
TiO2 plastic film

v

v

Task 5: Design of Dye
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Time table 2: Bio-inspired Design of DSSC for energy harvesting material for MURI , collaborated
with Prof. Minoru Taya group, University of Washington, Seattle, US.

Project period
Subtasks

1st year 2nd year 3rd year 4th year Sth year

Task 1

TiO,
nano particles

nano tube

Task 2

TiO, coated !
plastic Film

Task 3

The design of Dye

Task 4

Counter electrode
C60

Task 5

Electrolytes and
lonic electrolytes
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Pay-off
Effects of dissemination of research results are as follows,

1) Incorporation of photosynthetic antennas and their protein-mimic complexes on electrodes and
into solar cells. This proposal aims to incorporate modified core complex (LH1-RC) and the antenna
(LH2) complexes. and their model complexes onto Au, ITO or TiO2 and polymer matrix as well as
Grézel and silicon solar cells. If this trial becomes successful, it can trigger the development of a new
information technology, IT industry as well as a new evolution battery industry.

2) Efficient usage of light energy. Photosynthetic antennas can collect light energy in the entire
region from ultraviolet to near infrared. It has a unique property to harvest a small number of photons
from all the different directions and to concentrate them for usage. This mechanism to enable high
sensitivity in a wide spectral region can be used as a guiding principle in designing photo-electronic
materials.

3) The wisdom of the nature. Photosynthetic organisms have been refining the photosynthetic systems
in order to survive in their long history of life, i.e., under the pressure of ‘natural selection’. Therefore, the
photosynthetic systems now on this planet must realize the principle of light-energy conversion, which
has been developed as a result of trial-and-error.  This principle, which is now being revealed, can be
well beyond our imagination.

4) Key to solve the energy and environmental crisis. Development of a safe and economical system for
conversion of light energy into electricity is crucial in order to solve the energy and environmental crisis.
The photosynthetic system is a best refined material in harmony with the global environment, and the
present project aims to create a novel battery for the next generation using the solar energy which is
exhaustible, clear and free of pollutant.

Summary

The present generations of PV solar cells are twenty to thirty times too expensive to be
cost-effective compared to other existing energy technologies. Expanding existing PV technologies by
incorporation of modified photosynthetic proteins or protein-mimics to perform tasks of light-harvesting
and charge separation, is currently explored as a novel concept, which makes use of natural protein
environments to create a directional flow of light energy and electronic charge separation, meanwhile
reducing the cost aspect by the use of bio-materials. Based on biological design principles, future
biology-based solar cells or it model synthetic organic PV cells could form clean and inexpensive future
alternatives for electricity production. We propose a scenario where construction of artificial
photosynthetic systems is expected to start from molecular and supramolecular entities in a variety of
smart matrices that collect light energy and separate charge, leading to an electrochemical potential that
can be used to produce current for developing new types of photoenergy harvesting organic PV cells for
energy harvesting materials.
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Abstract No.1

Asia Optical Fiber Communication & Optoelectronic Exposition & Conference
(Shanghai, China, 16"-19" October 2007)

Construction of Bio-inspired artificial solar energy conversion system
Mamoru Nango

Department of Applied Chemistry, Nagoya Institute of Technology,

Gokiso-cho, showa-ku, Nagoya 466-8555, Japan  E-mail: nango@nitech.ac.jp

Abstract

Photocurrent response of photosynthetic light harvesting core complex (LH1-RC) and its

model complex on electrodes were performed to attempt the construction of an artificial

photosynthetic antenna complex toward developing useful nanodevices of solar-energy

conversion.

1.Introduction
At the
light-harvesting

early stages of purple bacterial

complexes,  light-harvesting
complexes, called LH1 and LH2, absorb solar
energy and transfer it to the reaction center (RC),
where pon the absorbed energy is efficiently
converted into electrochemical energy ( Figure 1)
[1]. These reactions take place within a ‘core
complex’ consisting of a RC located inside the
LH1 complex, where pigment complexes play
important roles on these reactions. We are
interested in the rapid and efficient energy transfer
between  pigments in  these  complexes,
(PSUs) [2-4]. These

pigment complexes have been aiming to construct

photosynthetic  units

an artificial solar energy device based on a natural
solar energy conversion system such as the core
complex. Recently, the X-ray crystal structure of

the LH1-RC core complex has been reported and
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revealed that it is oval rather than circular as
shown in Figure 1.

Ingration of photosynthetic proteins or
protein-mimics with solar energy devices for tasks
of light-harvesting and charge separation will
expand current solar energy device technology
with novel and inexpensive bio-components. Our
goal is to use modified photosynthetic
light-harvesting complex as a light harvester of the
well-established cell to convert light energy in the
ultraviolet and visible region into that in the near
infrared region for the development of energy
conversion materials. The advantage of the
light-harvesting complex is its high efficiency of
light-energy conversion throughout the near UV to
near IR region and much higher durability than
ordinary isolated pigments supported by its
inherent photo-protective function Thus, the results
of the above grounds can be directly applied to the
of solar cells

development using modified



photosynthetic light-harvesting materials [2-7]

We have recently reported that LH1-RC core
complexes isolated from Rs. rubrum can be
assembled a cationically-modified transparent
indium tin oxide (ITO) electrode, which exhibits
photoinduced current generation [6]. Our current
understanding of energy transfer and charge
separation reactions in the LH2 and LH1-RC
complexes has enabled the first step to be taken
towards generating artificial systems from them
that convert light energy into usable electrical
current.  Previous attempts to produce an artificial
energy-converting electrode system used either the
LH1 complexes. Until now, there have only been a
few attempts to immobilize intact core complexes,
consisting of both the LH1 complex and the RC
We

have recently developed a procedure to create a

components together, onto an electrode [6,7].

self-assembled monolayer (SAM) of reconstituted
LH1 complexes on a transparent indium tin oxide
(ITO) with
3-aminopropyltriethoxysilane (APS-ITO) between

electrode modified

b

Figure 1. Structure of light-harvesting
anntena complex (a) LH2 complex of
Rps. acidophilla 10050LH2 and (b)
LH1-RC complex of R. palustris.
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the electrode surface and the anionic LH1
polypeptides at pH 8.0 [5,6]. The NIR absorption
spectrum showed that the LH1 complex was stable
when immobilized onto these electrodes. This
LH1-RC

LH1-RC complexes isolated from

study was extended using native
complexes [6].
Rb. sphaeroides were successfully assembled on
APS-ITO.  Efficient

photocurrent responses could be observed upon

energy  transfer and
illumination at 880 nm.

Further, we assembled PSUs, LH1-RC core
complex, LH1, RC, and admixed complex of LH1
and RC on a modified Au electrode to investigate
assembling manner and to develop photocurrent
generation system for these assemblies to attempt
the construction of an artificial antenna complex

toward developing useful nanodevices.

2. Self-Assembled of Light
-harvesting Core Complexes of Photosynthetic
ITO

Monolayer

Bacteria on an Amino-Terminated
Electrode

Figure 2 shows the NIR absorption spectra of
the isolated Rb. sphaeroides core complexes in 20
mM Tris HCI buffer pH 8.0 OG micelle (dotted
line) and assembled onto an APS-ITO electrode
(solid line), respectively. These spectra show that
these core complexes have the absorption
maximum at 880 nm with two smaller peaks at 800
nm and 760 nm. The former peak is attributable to
the overlap of bacteriochlorophyll a (BChl a) in
the LH1 complex (880 nm) and the reaction center
BChl a dimer ‘special pair’ (870 nm) and the latter
two peaks to the BChl a called ‘accessory’ (800
nm) and bacteriopheophytin (760 nm) in the RC,

respectively.
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Figure 2. NIR absorption spectra of isolated Rb.
sphaeroides in 20 mM Tris HCI buffer pH 8.0 OG
micelle (dotted line) and assembled onto an

APS-ITO electrode (solid line)

The NIR absorption spectra of these core
complexes on the electrode indicate that these
complexes are stable when assembled onto an
APS-ITO. In the previous study it was apparent
that when the RC of Rb. sphaeroides was
assembled, by itself, on the electrode it was
relatively labile. Whereas in present study the
complete core complex, when assembled onto the
The
enhanced stability of the RC surrounded by the

electrode, provided to be quite stable.
LH1 complex probably results from supportive

interactions  between the two complexes.
Interestingly, when illuminating at 880 nm the
fluorescence emission of BChl a molecules in the
LH complex of Rb. sphaeroides on the APS-ITO
was strongly quenched, due to the presence of the
RC of Rb. Sphaeroides. This indicates that an
efficient energy transfer from BChl a in the LH1
complex to the RC in the core complex is still
occurring on the electrode (data not shown). FT-IR
spectra of the LH complex and the LH1-RC core
complexes assembled on the APS-ITO show the
absorptions at 1650 cm™ and 1550 cm™. These

bands can be assigned to the amide I and amide 11
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bands, respectively. These results indicate that the
LH polypeptides are in the same o helical
configurations on the ITO electrode as in OG
micelles.

The time course of the photocurrent generated
from the core complex or the RC of Rb.
sphaeroides assembled onto an APS-ITO showed
that an enhanced photocurrent was observed for
the core complex when the electrode was
illuminated with a pulse of light at 880 nm. In
contrast no photocurrent was observed for either
LH complexes or the RC. Under our experimental
conditions a cathodic photocurrent was observed,
implying that one-way electron transfer from
pigments in the core complex (special pair of BChl
a, SP in RC) to methyl viologen was occurring as

shown in Figure 3.

a

LHI complex

NHz

NHz NH3  NH3 fNHz NHs

0’%"%_ g

APS-ITO

NH2

Potential
(]
=~

MV MV
(acceptor)

/h\-‘
-0.58V
Special pair in RC

sp

electrode

Figure 3. (a) Schematic drawing of LH1-RC core
complexes on an APS-ITO electrode , which shows
the electron flow from the complex to methyl
viologen. (b) Energy diagram for cathodic
photocurrent generation by the LH1-RC core

complex.



Thus, the enhanced photocurrent observed at
880 nm in the assembled core complex can be
ascribed to energy transfer from the LH1 to the RC
and then electron transfer from the RC to the
electrode as shown in Figure 4. This data indicates
that the core complex was well organized on the
ITO and the photocurrents were driven by light
that was initially absorbed by the LH components.

3. Self-assembled

harvesting

Monolayer of Light-

Core Complexes from
Photosynthetic Bacteria on a Gold Electrode
Modified with Alkanethiols.

LH1-RC complexes isolated from Rb. sphaeroides
were self-assembled on a gold electrode modified
with  self-assembled monolayers (SAMs) of
alkanethiols, NH,-(CH),-SH; n = 2, 6, 8, 11,
HOOC-(CH,);-SH, and CHs-(CH,);-SH,
respectively to attempt the construction of an
artificial antenna core complex towards developing
useful nanodevices as shown in Figure 4. The
adsorption on a gold electrode modified with
SAMs of NH,-(CH,),-SH, n = 2, 6, 8, 11 depended
on the methylene chain length, where the

adsorption increased with increasing the methylene

chain length.

The clear presence of the well

Absorbance
Photocurrent density /nAcm?

0
850 900 950

0
750 800
Wavelength /nm

Figure 4. Schematic drawing of LH1-RC core
complex on a gold electrode, absorption and
action spectra of Rb. sphaeroides LH1-RC
assembled onto a gold electrode modified with
NH,-(CH,)¢-SH.
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known LH and RC peaks NIR spectra of the
LH1-RC complexes indicates that these complexes
were only fully stable on the SAM gold electrodes
modified with the amino group. In the case of

modification with the carboxyl group the
complexes were partially stable while in the
presence of the terminal

methyl group the

complexes were extensively denatured. An
efficient photocurrent response of these complexes
on the SAMs of NH,-(CHy),-SH; n =2, 6, 8, 11
was observed upon illumination at 880 nm when n
= 6 as shown in Figure 4. This corresponds to a
distance between the amino terminal group in
NH»-(CH,)e-SH and the gold surface of 1.0 nm.

In conclusion, the SAM method is clearly
successful in allowing assembly of functional core
complexes on the electrode. This has been
confirmed by NIR absorption spectroscopy,
demonstrating that the photocurrent response,
which is derived from electron transfer between
the RC and the electrode,

illumination at 880 nm. These results provide

is enhanced by
useful methodology to better understand the
suprastrucure of LH1-RC complex as well as to
gain knowledge about building an artificial
fabrication of LH1-RC complex on solid substrates
toward useful nanodevices. Various combinations
of these complexes are being tested for their
usefulness in constructing artificial solar energy

conversion devices.
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Self-assembly of light-harvesting polypeptide / pigment complexes for
construction of an artificial photoenergy conversion system

Mamoru Nango

Professor
Nagoya Institute of Technology
Gokiso-cho, Showa-ku, Nagoya, 466-8555, Japan

Purple bacterial light-harvesting complexes, called LH1 and LH2, absorb solar energy and transfer
it to the reaction center (RC) at the beginning of the photosynthetic process. The RC converts the absorbed
energy into electrochemical energy. These reactions take place within a ‘core complex’ consisting of a RC
located inside the LH1 complex. We are interested in understanding the rapid and efficient energy transfer
between LH1 and RC, and have been aiming to construct an artificial solar energy device based on a
natural solar energy conversion system such as the LH or the core complex. For example, the core
complex, isolated from the photosynthetic bacterium, Rps. palustris, was successfully assembled onto an
Au electrode modified with various terminated. Efficient energy transfer and photocurrent responses of the
complexes were observed upon illumination at 880 nm. Interestingly, the fluorescence of
bacteriochlorophyll a (BChl a) molecules in the LH1 complex was strongly quenched due to the presence
of RC implying that an efficient energy transfer occurs from LH1 to the RC in the core complex assembled
onto the electrode. Further, the photocurrent generated from the core complex on the Au electrode
depended on the wavelength of the exciting light. An action spectrum of this photocurrent showed a

maximum at the wavelength corresponding to the Q, absorption band of LH1.
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Self-assembly of light-harvesting polypeptide / pigment complexes for
construction of an artificial photoenergy conversion system

M. Nango
Department of Applied Chemistry, Nagoya Institute of Technology, Nagoya, Japan

Purple bacterial light-harvesting complexes, called LH1 and LH2, absorb solar energy and transfer
it to the reaction center (RC) at the beginning of the photosynthetic process. The RC converts the absorbed
energy into electrochemical energy. These reactions take place within a ‘core complex’ consisting of a RC
located inside the LH1 complex. Recently, the X-ray crystal structure of the LH1-RC core complex has
been reported and revealed that it is oval rather than circular. We are interested in understanding the rapid
and efficient energy transfer between LH1 and RC, and have been aiming to construct an artificial solar
energy device based on a natural solar energy conversion system such as the LH or the core complex. For
example, the core complex, isolated from the photosynthetic bacterium, Rps. palustris, was successfully
assembled onto an Au electrode modified with various terminated (Figure 1). Efficient energy transfer and
photocurrent responses of the complexes were observed upon illumination at 880 nm. Interestingly, the
fluorescence of bacteriochlorophyll a (BChl a) molecules in the LH1 complex was strongly quenched due
to the presence of RC implying that an efficient energy transfer occurs from LH1 to the RC in the core
complex assembled onto the electrode. Further, the photocurrent generated from the core complex on the
Au electrode depended on the wavelength of the exciting light. An action spectrum of this photocurrent

showed a maximum at the wavelength corresponding to the Qy absorption band of LH1.

An enhanced photocurrent was also observed in the case of LH 1 model polypeptides assembled with
porphyrin derivatives onto an Au electrode (Figure 2). In this case the photocurrent response depended on
the structure of the model complex. Various combinations of these complexes are being tested for their

usefulness in constructing artificial solar energy conversion devices.
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Assembly of the light-harvesting / reaction center complexes of
photosynthetic bacteria onto a gold substrate.

Tomohiko Sakurai', Yoshiharu Suemori', Mikio Hatasa®, Osamu Goto®, Kouji lida?, Takehisa Dewa®,
Keiji Yamashita®, Hirofumi Tanaka®, Takuji Ogawa®, Hideki Hashimoto®, and Mamoru Nango®
Department of Applied Chemistry, Nagoya Institute of Technology, Nagoya 466-8555, Japan
Nagoya Municipal Industrial Research Institute, Nagoya 456-0058, Japan
*Research Center for Molecular-Scale Nanoscience, Institute for Molecular Science, 5-1 Higashiyama,
Myodaiji, Okazaki 444-8787, Japan
*Department of Physics, Osaka City UniVersity, 3-3-138 Sugimoto, Sumiyoshi-ku, Osaka 558-8585,

Japan

The light reactions occur in closely coupled pigment systems of the light-harvesting (LH)
polypeptides, called LH1 and LH2 and reaction center (RC) complexes in photosynthetic bacteria; light
energy is absorbed by excitonically coupled antenna pigments bound to the LH polypeptides, and the
excitation energy is efficiently transported to RC. Artificial assembly of photosynthetic membrane can
be useful for studying photo-excitation of electron and the subsequent electron transfer in biological
process as well as for development of nanodevices. Recently, We have developed procedures to create a
self-assembled monolayer (SAM) of LH1-RC complexes onto a gold electrode modified with
alkanethiol” and also to provide insights into electronic behaviors of RC complex on chemically
modified Au(111) substrate by conductive atomic force microscopy(CAFM) .Y *? In this study, these
procedures have been further used to estimate the control of LH1-RC complexes assembled on the
electrode as well as to immobilize LH1-RC complexes onto a gold electrode. The aim of this is to gain

insights into a defined distance and orientation for assembly of LH1-RC complexes on solid substrates.
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2nd International Workshop of Photosynthetic Antennae and Coherent Phenomena
(Osaka, Japan, 14™ -16" December 2007)

Reconstitution of Light-harvesting 1 complex of photosynthetic bacterium Rhodospirillum
rubrum with the LH1 subunit-type complex and carotenoids and its characterization

Katsunori Nakagawa **, Satoru Suzuki 2, Ayumi Mizuno !, Ritsuko Fujii >4,
Alastair T. Gardiner ®, Richard J. Cogdell 3, Hideki Hashimoto %4, and Mamoru Nango 1

1- Nagoya Institute of Technology, Japan;  2- Osaka City University, Japan;
3- University of Glasgow, Scotland, UK; 4- CREST/JST, Japan

Energy transfer from light-harvesting 1 (LH1) complexes to reaction centers (RC) is efficient
because the distance and orientation of the co-factors involved (bacteriochlorophyll (BChl) and
carotenoid) are precisely controlled at the nano-scale level.

Recently, reconstitutions of carotenoids into the LH1
complex from Rhodospirillum (Rs.) rubrum were reported
[1] — [3]. This study assumed that the reconstituted
carotenoids were bound into the same binding sites as in

Normalized absorbance

the native LH1 complex in vivo. The aim of this present

study was to use electroabsorption (Stark) spectroscopy to
test this assumption.

The absorption spectrum of the LH1 complex (Figure
b) reconstituted with spirilloxanthin was similar to that of

Normalized absorbance

the native LH1 complex isolated from Rs. rubrum S1

(Figure a). The nonlinear optical parameters, i.e. the

—

change of polarizability Tr(Aa) and static dipole-moment
|Ap| upon photoexcitation, of carotenoids in reconstituted
LH1 complex were somewhat different from those of the

Normalized absorbance

native LH1 complex, suggesting that the electrostatic

Ob— . 1 1

environment around carotenoid molecules is slightly 300 400 500 600 700 800 900 1000
Wavelength/nm

different in the reconstituted LH1 complex compared to ™" I Ll

the native complex. This raises some questions about Spirilloxanthin (spx)
previous functional studies on carotenoids reconstituted MMW
into the LH1 complex from Rs. rubrum. It is apparent that Spheroidene (sphe)

Stark spectroscopy can be used as a much more stringent  Figure. Normalized absorption spectra of
native LH1 complex from Rs. rubrum
S1 (a) and reconstituted LH1 complexes
fluorescence, or CD spectroscopy. with spirilloxanthin (b) or spheroidene

- . (¢) in 001 % LDAO. Chemical
Similar Stark spectroscopy was applied to LH1 structures  of  spirilloxanthin  and

spheroidene were also illustrated.

test of the quality of reconstitution than simple absorption,

complexes reconstituted with spheroidene (Figure c).
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14th International SPACC-CSJ Symposium  (Taipei, Taiwan, 20-22" December 2007)

Self-assembly of light-harvesting polypeptide / pigment complexes for
construction of an artificial photoenergy conversion system

Mamoru Nango
Department of Applied Chemistry, Nagoya Institute of Technology, Gokiso-cho, showa-ku, Nagoya

466-8555, Japan.
E-mail: nango@nitech.ac.jp

Purple bacterial light-harvesting complexes, called LH1 and LH2, absorb solar energy and
transfer it to the reaction center (RC) at the beginning of the photosynthetic process. The RC converts
the absorbed energy into electrochemical energy. These reactions take place within a ‘core complex’
consisting of a RC located inside the LH1 complex. Recently, the X-ray crystal structure of the
LH1-RC core complex has been reported and revealed that it is oval rather than circular. We are
interested in understanding the rapid and efficient energy transfer between LH1 and RC, and have
been aiming to construct an artificial solar energy device based on a natural solar energy conversion
system such as the LH or the core complex. For example, the core complex, isolated from the
photosynthetic bacterium, Rps. palustris, was successfully assembled onto an Au electrode modified
with various terminated (Figure 1). Efficient energy transfer and photocurrent responses of the
complexes were observed upon illumination at 880 nm. Interestingly, the fluorescence of
bacteriochlorophyll a (BChl a) molecules in the LH1 complex was strongly quenched due to the
presence of RC implying that an efficient energy transfer occurs from LH1 to the RC in the core
complex assembled onto the electrode. Further, the photocurrent generated from the core complex on
the Au electrode depended on the wavelength of the exciting light. An action spectrum of this
photocurrent showed a maximum at the wavelength corresponding to the Q, absorption band of LH1.

An enhanced photocurrent was also observed in the case of LH 1 model polypeptides assembled
with porphyrin derivatives onto an Au electrode (Figure 2). In this case the photocurrent response
depended on the structure of the model complex. Various combinations of these complexes are being

tested for their usefulness in constructing artificial solar energy conversion devices.
MV

| electrode ‘

Figure 1. Schematic drawing of a LH1-RC core Figure 2. Schematic drawing of a LH1model
complex on an electrode. polypeptide with Zn porphyrin on an electrode.
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15th International Symposium on Carotenoids (Okinawa, Japan, 22-27" June 2008)

Probing the Effect of the Binding Site on the Electrostatic Behavior of a Series of
Carotenoids Reconstituted into the Light - Harvesting 1 Complex from Purple
Photosynthetic Bacterium Rhodospirillum Rubrum Detected by Stark Spectroscopy

24 Katsunori Nakagawa,  Naomi Fukui, ® Tsubasa Nakano, ® Tomoko Horibe, ® Satoru Suzuki,
b4 Ritsuko Fuijii, ¢ Alastair T. Gardiner, ¢ Richard J. Cogdell, ® Hideki Hashimoto, and *® Mamoru Nango

% Department of Life Science and Materials, Nagoya Institute of Technology (e-mail: nango@nitech.ac.jp)

® Department of Physics, Osaka City University

® Glasgow Biomedical Research Centre, University of Glasgow , ® CREST/JST

In the light-harvesting 1 (LH1) complex from purple photosynthetic bacteria, carotenoids capture the

solar energy and transfer it to the bacteriochlorophyll (BChl) pigments. The distance and orientation of

these pigments are cleverly controlled by transmembrane polypeptides. However, the precise

interaction of the carotenoids with their binding sites in the LH1 complex is still unclear even in the

crystal structure of RC-LH1 core complex from Rhodopseudomonas (Rps.) palustris [1].

In this study, we use a reconstitution methodology with LH1
complexes to investigate the interaction and conformation of
the carotenoids in their binding sites. The series of
carotenoids (Figure 1) were extracted from the purple
photosynthetic  bacteria. The LH1 complexes were
reconstituted by the addition of each of these carotenoids to
the LH1 subunit-type complex from Rhodospirillum (Rs.)
rubrum. Stark spectroscopy was used to provide insight into

the electrostatic properties of the binding sites around the
different carotenoids and BChl a pigments.

Since, in our previous report [2], some aggregated carotenoids,
in micellar solution, remained with the reconstituted LH1
complexes, a further purification step using a sucrose density
gradient centrifugation was introduced to improve purity of the
final reconstituted samples. The measured absorption,

a) spirilloxanthin (spx, n = 13)

b) anhydrorhodovibrin (anh, n = 12)

¢) rhodopin (rho, n = 11)

N

d) spheroidene (sphe, n = 10)

Figure 1. Chemical structures of
the carotenoids used in this study,
a) all-trans-spirilloxanthin (spx),
b) all-trans-anhydrorhodovibrin
(anh), ¢) all-trans-rhodopin
(rho), and d) all-trans-spheroidene
(sphe). The numbers of C=C
conjugated bonds (n) are also
shown.

OCH3

ﬂ\/&/\\/&/\\/&/\\/ﬁ/\\/ﬁx\w
Mw/ﬁ&w
;CHQMW

fluorescence-excitation and Stark spectra of the LH1 complex reconstituted with spirilloxanthin were

identical to those of the native, spirilloxanthin- containing, LH1 complexes from Rs. rubrum S1. These

results suggest that the electrostatic environments around carotenoids and BChl a pigments were

essentially same in both preparations. Based on the values of the nonlinear optical parameters, i.e. the

polarizability change Tr(Aa) and the static dipole-moment change |Au| upon photoexcitation,

24
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determined by Stark spectroscopy, we could calculate the conformations of carotenoids,
anhydrorhodovibrin and spheroidene, in the LH1 complex using semiempirical molecular orbital
calculations.
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Reconstitution of Antenna Light-Harvesting 1 Complexes from the Purple
Photosynthetic Bacterium Rhodobacter sphaeroides with LH1-Polypeptides,
Bacteriochlorophyll a, and Carotenoids: Carotenoid Specificity

? Naomi Fukui, * Ayumi Mizuno, ® Tsubasa Nakano, *® Katsunori Nakagawa, ° Alastair T. Gardiner,
® Richard J. Cogdell, ** Ritsuko Fujii, “® Hideki Hashimoto, and ** Mamoru Nango
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Recently, our group reported the reconstitution of LH1 complexes from a purple photosynthetic
bacterium Rhodospirillum (Rs.) rubrum with a series of carotenoids [1-3]. In this study, however, we
have focused our reconstitution methodology on the LH1 complexes from the purple bacterium
Rhodobacter (Rb.) sphaeroides, using the carotenoids spirilloxanthin and spheroidene (Figure 1). The
LH1 complexes were reconstituted with these carotenoids, BChl a, and isolated LH1-polypeptides
(LH1-o and LH-B) from Rb. sphaeroides.

The wavelength maximum of the BChl a Q, absorption band is 870 nm in the reconstituted LH1
complex in the absence of carotenoids at 4 °C. A red shift of the wavelength maximum is observed in
the complex reconstituted with spheroidene, analogous with that of native, spheroidene-containing
LH1 complex in chromatophores from Rb. _ocH,
sphaeroides.  Spirilloxanthin ~ could not be >\A\/§/\N\/§/\N\M\M\/\6§H3
. . . a) spirilloxanthin (spx, n = 13)
reconstituted. In the reconstituted Rhodospirillum
(Rs.) rubrum LH1 complex, spirilloxanthin as well MNV&’\W\NW

as spheroidene could be reconstituted with isolated b) spheroidene (sphe, n = 10)

LH1-a and LH1-B polypeptides from Rs. rubrum. Figure 1. Chemical structures of carotenoids, a)
The LH1 polypeptides from Rb. sphaeroides are all-trans-spirilloxanthin (spx) and b) all-trans-
spheroidene (sphe), isolated from Rs. rubrum and
Rb. sphaeroides, respectively. The numbers of
C=C conjugated bonds (n) are also shown.

more selective with respect to which type of
carotenoid they accept.
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Reconstitution of Light-Harvesting 1 Complexes from the Purple Photosynthetic
Bacterium Rhodospirillum rubrum with Separately Isolated Polypeptides (LH1-a and
LH1-B), Bacteriochlorophyll a, and Carotenoid
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In core light-harvesting 1 (LH1) complexes from  9CHs

>'\/\\/J\\/\\/J\\/\\/J\\/\\/ﬁ/\\/ﬁ/\\/ﬁ/\\/\l<

purple photosynthetic bacteria, carotenoids capture OCH;,
the solar energy and transfer it to the a) spirilloxanthin (spx, n = 13)
bacteriochlorophyll (BChl) pigments. ;%MW\W

Reconstitution of the LH1 complexes with )
. . ; b) spheroidene (sphe, n = 10)

carotenoids is powerful method with which to

Figure 1. Chemical structures of carotenoids used

_ in this study, a) all-trans-spirilloxanthin (spx) and
the LH1 complex [1]. In this study, p) all-trans-spheroidene (sphe). The numbers of
all-trans-spirilloxanthin and spheroidene were C=C conjugated bonds (n) are also shown.

extracted from purple photosynthetic bacteria, Rhodospirillum (Rs.) rubrum and Rhodobacter (Rb.)

provide insights into the function of carotenoids in

sphaeroides, respectively. The chemical structures of these carotenoids were shown in Figure 1. The
LH1 complexes were reconstituted with each of these carotenoids and isolated LH1-polypeptides
(LH1-oo and LH-B) and BChl a from Rs. rubrum.

In the reconstituted Rs. rubrum LH1 complex without carotenoid, the wavelength maximum of the Q,
absorption band of BChl a was measured to be at 870 nm at 4 °C. In the reconstituted LH1 complexes
containing carotenoids (spirilloxanthin or spheroidene), however, the wavelength maximum was
red-shifted to about 880 nm. This wavelength maximum was similar to that of native,
spirilloxanthin-containing LH1 complex in chromatophores from Rs. rubrum S1 [2-4]. This result
indicated that we could successfully reconstitute the LH1 complex from its constituent components.
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Molecular Assembly of Chlorophyll Complexes on Electrodes for Construction of an
Artificial Photoenergy Conversion System
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Chlorophyll complexes in light-harvesting complexes absorb solar energy and transfer it to the
reaction center (RC) at the beginning of the photosynthetic process. The RC converts the absorbed
energy into electrochemical energy. We are interested in understanding the rapid and efficient energy
transfer between chlorophyll complexes, and have been aiming to construct an artificial photoenergy
conversion material based on a natural solar energy conversion system. The chlorophyll complexes,
isolated from native bacterium or plant and their synthetic model complexes were successfully
assembled onto various electrodes modified with various terminated. Efficient energy transfer and
photocurrent responses of the complexes were observed upon illumination.

An enhanced photocurrent was also observed in the case of LH model polypeptides assembled
with chlorophyll derivatives onto an electrode. In this case the photocurrent response depended on the
structure of the model complex. Various combinations of these complexes are being tested for their

usefulness in constructing artificial solar energy conversion materials.
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Light-harvesting complexes absorb solar energy and transfer it to the reaction center at the beginning
of the photosynthetic process. The RC converts the absorbed energy into electrochemical energy.
These reactions take place within a ‘core complex’ consisting of a RC located inside the LH complex.
We are interested in understanding the rapid and efficient energy transfer between LH and RC, and
have been aiming to construct an artificial solar energy device based on a natural solar energy
conversion system such as the core complex. The core complex, isolated from the photosynthetic
bacterium or plant was successfully assembled onto various electrodes modified with various
terminated. Efficient energy transfer and photocurrent responses of the complexes were observed upon
illumination. Further, the photocurrent generated from the core complexes on the electrode depended
on the wavelength of the exciting light. An action spectrum of this photocurrent showed a maximum at
the wavelength corresponding to the absorption band of the LH core complexes.
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la-Helix hydrophobic polypeptide bearing spermine, which
has similar amino acid sequences to the hydrophobic core in the
native photosynthetic light-harvesting (LH) 1-a¢ polypeptide
from Rhodospirillum (Rsp.) rubrum, was synthesized. Interest-
ingly, an enhanced photoelectric current was observed when
BChl a complexes together with the LHI-o¢ model polypeptide
were assembled onto an ITO electrode.

Self-assembling of polypeptides and pigments have
emerged as powerful techniques in the de novo design of native
protein-like structures.! Recently, models for the LH complex of
photosynthetic bacteria have been investigated to clarify or ap-
ply of their efficient energy and electron transfer.>* To perform
an efficient energy and electron transfer, one should assemble
the artificial LH complex with a defined orientation onto an elec-
trodes. In our previous papers, immobilizing of artificial LH
complexes on a gold electrode using Rhodobacter (Rb.) sphaer-
oides LH1-f8 model polypeptides bearing cysteine group and the
photocurrent activity of the complexes was studied.* However,
these model polypeptides could not use BChl a derivatives as
an electron donor because of their self-assembling properties.”

We now report the molecular assembly of BChl a deriva-
tives on an ITO electrode with a defined orientation, using syn-
thetic LH model polypeptides (Type-1 and Type-2 in Scheme 1)
which have similar amino acid sequences to the hydrophobic
core in the native LH1-«¢ polypeptide from Rsp. rubrum. The
aim of this is to gain insights into the structural requirements
for assembly of the LHI complexes with a defined orientation

LHIL6; N-terminal Hydrophobic Core C-terminal
MWRIWQLFDPR! VGLATFLFVLALLIHFILLSTERFNWLEGASTKPVQTS
Type-1 DPR VGLATFLFVLALLIHFILLSTERFNWL

Type-2 mSP-DPR VGLATFLFVLALLIHFILLSTERFNWL
o

H H
mSP = ch(ﬁ/\/é,sz\/\/Nv“—

BChla : M = Mg
[Zn]-BChla:M=Zn

Boc Boc O

iofy~Ay M~ Hon  Boc-mSP-COOH
Boc

Scheme 1. The amino acid sequences of Rsp. rubrum LHI1-o
and its synthetic model polypeptides and the structure of BChl
a derivatives and Boc-mSP-COOH.

on a solid substrate. Synthetic model polypeptides with spermine
derivative at N-terminal, which can be easily bound with an ITO
surface, were used. Further, we selected the LH1- type poly-
peptide which either forms a stable LHI-like complex with
[Zn]-BChl a or BChl a monomer complex in OG micelles.®
The monomer complex is expected to perform enhanced photo-
current using NIR light.*

BChl a was isolated from the carotenoidless mutant G9 of
Rsp. rubrum and purified by HPLC as described elsewhere.’
[Zn]-BChl a was prepared from BChl a via transmetalation as
previously reported.” The native LHI-o¢ and -8 polypeptides,
separately isolated from the LH1 complex of Rsp. rubrum, were
prepared as previously described.® LHI-a model polypeptides,
Type-1 and Type-2 polypeptides, were prepared by solid-phase
peptide synthesis using a Wang resin, N*-Fmoc amino acids,
HBTU and HOBt. Type-2 polypeptide was synthesized by con-
densation of Boc-mSP-COOH, prepared from spermine tetra-
hydrochloride as previously reported on N-terminal of Type-1.
The cleavage reaction was performed as described previously’
and the purified product was confirmed by TOEMS spectrometry
(Type-1: 3828.3 Da, Type-2: 4085.1 Da). The molecular assem-
bly of pigments together with the synthetic polypeptides was
carried out as previously reported.’ Complexes were immobi-
lized on self-assembly monolayers (SAMs) by immersing of
the ITO electrode in sample solution ([polypeptides] = 3.45
UM, [pigments] = 2.41 uM, [OG] = 26.7mM) at 4°C for
12 h. Then, the ITO electrode was washed by MilliQ and dried
by N, flow. Photocurrents were measured at —0.2V (vs. Ag/
AgCl) in a homemade cell that contained three electrodes as de-
scribed previously.'?

The Qy band of [Zn]-BChl a-monomer in OG micelles
(770 nm) is red-shifted to 849 nm in the presence of Type-1 or
-2 polypeptide at 4 °C (Supporting Information Table S1)."! This
is analogous to LH1-type complex that forms with either LHI1-«
and LH1-8 or LH1-« alone. This result again shows that the
[Zn]-BChl a complex can be organized by this synthetic hydro-
phobic la-helix polypeptide in OG micelles.'? This result sug-
gests that both the amino acid sequences both at N- and C-termi-
ni segments are not crucial effect on formation of the LHI-type
complex (Table S1).!"'? In contrast, similar red shift of the Qy
band is not observed for BChl a in the presence of Type-1 or
-2 polypeptide. Instead, in this case the Qy band was only
red-shifted to 782 nm and aggregation peak of BChl a was not
detected, indicating the formation of monomer complex of
Type-2/BChl a.

FT-IR spectra of Type-2/[Zn]-BChl a complex immobilized
on the electrode show at 1665 and 1544 cm™!, Type-2/BChl a
complex immobilized on the electrode showed absorptions
1665 and 1544cm™!. These bands can be assigned to the

Copyright © 2008 The Chemical Society of Japan

30



Chemistry Letters Vol.37, No.1 (2008)

2

(8]

1

g = 5
< X < x
£ g £ 8
2 15 51 Z
E £ E £
3 g 3 2
z F-E E-}
z < g z
£ £ £
2 o 0 X

650 750 850 950 650 750 5() 950
Wavelength/nm Wavelength/nm
Figure 1. Action spectra (open circle and solid line) and ab-
sorption spectra (solid line) of Type-2/BChl a (a) and Type-2/
[Zn]-BChl a (b) complexes assembled on an ITO electrode.

amide I and amide II band, respectively. It is also possible as
previously described to use these bands to determine the tilt
angle of the helices relative to the surface of the gold electrode.'?
The tilt angle of the helix in Type-2/[Zn]-BChl a complex is
40°. For Type-2/BChl a complex, the angle is 38° for the
complex formed between the Type-1 polypeptide and BChl a.
Taken together, these results show that the LH1 model polypep-
tide is in an «-helical conformation when assembled together
with these pigments onto an ITO electrode.

Figure 1 shows the NIR absorption and photocurrent action
spectra of either BChl @ or [Zn]-BChl a complexes assembled
with Type-2 polypeptide onto an ITO electrode at room temper-
ature. The Qy band of the BChl @ and [Zn]-BChl a complexes
showed an absorption maximum at 783 and 848nm on the
ITO electrode, respectively. This absorption maximum is analo-
gous to the Qy band for BChl a or [Zn]-BChl a complexes
assembled with Type-2 polypeptide in OG micelles at 4°C
(Table S1).'" However, no absorption band was observed for
both BChl a and [Zn]-BChl a complexes with Type-1 polypep-
tide on the electrode (data not shown). This result indicates that
mSP moiety of Type-2 polypeptide is necessary for immobiliza-
tion of complexes on an ITO electrode.

Further, it is clear from Figure 1a that an enhanced photo-
current was observed for Type-2/BChl a complex when the
electrode was illuminated with a pulse of light at the Qy band
of BChl a (783 nm). The photocurrent responses showed maxi-
ma at wavelengths corresponding to the maxima of the main ab-
sorption bands of the complexes. In contrast, no photocurrent
was observed for Type-2/[Zn]-BChl a complex (Figure 1b),
analogous to [Zn]-BChl a complex with the native LHI1-¢¢/-f
polypeptides immobilized on an ITO electrode modified with
lipid bilayers.'® Under the present experimental condition, a
cathodic photocurrent was observed (data not shown), implying
that one-way electron transfer from BChl « in the LH model
polypeptide complex to methyl viologen occurred as shown in
Scheme 2 and Supporting Information Scheme S1.!! This result
indicates that the BChl a complex was well immobilized by the
synthetic LH model polypeptide in an -helical configuration on
the ITO electrode and the photocurrents were driven by light that
was initially absorbed by the BChl a complex. Furthermore, the
NIR absorption and FT-IR spectra of the complexes immobi-
lized on the ITO electrode was not changed after photocurrent
measurement, implying that the complexes were stable during
the measurement.

In conclusion, the amphiphilic compound, mSP conjugated
to LH model polypeptide was successfully synthesized. The

99

R (2) v

BChl a

3
( ) Type-2

/ 1ITO

Scheme 2. Schematic view of light irradiation (1), electron
transfer from BChl a to MV2* (2) and electron transfer from
ITO to BChl a (3) in Type-2/BChl a complex immobilized on
the ITO electrode.

mSP moiety of the model polypeptide can immobilize with
BChl a and [Zn]-BChl a complexes onto the ITO electrode. This
method will be useful for the self-assembly of these complexes
in order to study the energy-transfer and electron-transfer
reactions between individual pigments in the photosynthetic
LH complexes on the electrode.
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Abstract—Molecular assembly of Zn porphyrin pigments, Zn substituted bacteriochlorophyll ¢ ([Zn]-BChl a) and Zn mesopor-
phyrin monomer (ZnMPMME) on a gold electrode using synthetic 1a-helix hydrophobic polypeptides which have similar amino
acid sequences to the hydrophobic core in the native photosynthetic light-harvesting (LH) 1-B polypeptide from Rhodobacter
sphaeroides, has been achieved: this process is dependent on the structures of pigments and polypeptides. Interestingly, an enhanced
photoelectric current was observed when ZnMPMME with the LH1 model polypeptide in an a-helical configuration was assembled
onto the electrode.

© 2007 Elsevier Ltd. All rights reserved.

LH polypeptides organize BChl a« complexes so that an LHl-a St S SR
. . MSKFYKIWMIFDPRRVFVAQGVFLFLLAVMIHLILLSTPSYNWLIYSAAKYNRVAVAE
efficient energy transfer between BChls can occur in LHI-p
photosynthetic bacterial membranes.'? It is interesting ADKSDLGYTGLTDEQAQELASVYMSGLNLFSAVATVAHLAVY IWREWE
that purified LH polypeptides and chemically synthe- Type-1 VYMSGLWLFSAVAIVAHLAVYIWREWFGGC
sized polypeptides can be used to study both the assem- Type2 (VYMSGLWLESAVAIVARLAVY THREWFGGC) ,

bly and the structure of LHI complexes. Works from
several laboratories have demonstrated that porphyrins
can be assembled together with synthetic polypeptides
to produce artificial hemoproteins and LH1 complex
models.>* In our previous Letters, both native and arti-
ficial LH complexes were assembled onto an electrode
modified with either aminopropyl silane or lipid bilayers
using electrostatic interaction or supported lipid mem-
brane.>-® However, no study is observed on the assembly Scheme 1. The structure of porphyrin pigments and the amino acid
of the artificial LH complex with a defined orientation sequences of R. sphaeroides LH1-o and -B and synthetic LHI-f model
onto a gold electrode using synthetic polypeptides with polypeptdes.

cysteine group.

M = Mg : BChla ZnMPMME
M =Zn: [Zn]-BChl a

electrodes.”® The aim of this is to gain insights into the
structural requirements for the assembly of LH1 com-
plexes with a defined orientation on solid substrates
(see Scheme 2). Synthetic model LH polypeptides with
a cysteine group at C-terminal, which can be easily
bound onto a gold surface, were used. These poly-
peptides were synthesized as described previously.'?
Further, we selected synthetic model polypeptides
(Scheme 1) that have similar amino acid sequences
* Corresponding author. Tel./fax: +81 52 735 5226; e-mail: to the hydrophobic core of the native LH1-B polypep-
nango@nitech.ac.jp tide from R. sphaeroides. Zn porphyrin pigments were

In this Letter, Zn porphyrin pigments, [Zn]-BChl «
and ZnMPMME (see Scheme 1) were first assembled
together with synthetic LH model polypeptides that
have similar amino acid sequences to the hydrophobic
core of the native photosynthetic LH1-f polypeptide
from Rhodobacter sphaeroides (see Scheme 1) onto gold

0040-4039/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tetlet.2007.09.158
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ZnMPMME

Scheme 2. Schematic view of Type-1/[Zn}-BChl a (a) and Type-1/
ZnMPMME (b) complexes assembled on a gold electrode.

used because of its stability.®!'! [Zn]-BChl «a, obtained
synthetically by the transmetalation of BChl a,'? is more
stable than BChl @, and Zn porphyrin derivatives, there-
fore, have been widely used in model studies of light-
harvesting. The native LH1-oo and LHI1- polypeptides
were separately isolated from R. sphaeroides. [Zn]-BChl
a and ZnMPMME (see Scheme 1) were obtained as
previously described.!'>'* The molecular assembly of
pigments together with the synthetic polypeptides was
carried out as previously reported.'* Complexes were
immobilized on self-assembly monolayers (SAMs) by
immersing the gold electrode (0.9 X 2.0 cm, 50 nm') in
the sample solution at 4 °C for 12 h. Then the gold
electrode was washed by MilliQ and dried by N,
flow. Photocurrents were measured at —0.2 V (versus
Ag/AgCl) in a homemade cell that contained three elec-
trodes as described previously.®

The Qy band of [Zn]-BChl a¢-monomer in OG micelles
(770 nm) is red-shifted to 809 nm in the presence of
Type-1 polypeptide at 25 °C (supplementary data Table
S1). This is analogous to the subunit complex that forms
with either LH1-o and LH1-$ or LH1-f alone. Cooling
to 4 °C results in a further red-shift to 821 nm. This is
similar to that seen using BChl « (Table S1). These
results again show that the [Zn]-BChl « complex can
be organized by this synthetic hydrophobic 1o helix
polypeptide in OG micelles.® It is interesting that a
similar red-shift of the Qy band is not observed in the
presence of Type-2 polypeptide. Instead, in this case,
the Qy band was only red-shifted to 807 nm and
dramatically sharpened. This result suggests that the
disulfide-linkage in the C-terminal segment obstructs
the formation of a LHIl-type complex as described
previously.® However, little difference in the intensities
of the CD signals of reconstituted complexes involving
the Type-1 and -2 was observed (Table S1).

The effect of the structure of the pigments on the LH1-
complex formation, the reconstitution of the complexes
was repeated using ZnMPMME. The Soret band of
ZnMPMME (404 nm) in OG micelles was red-shifted
to 407 nm at 25 °C in the presence of either Type-1 or
-2 polypeptide. Upon cooling to 4 °C a further red-shift
to 415 and 418 nm was observed (Table S1). In the
absence of the polypeptides the Soret bands of
ZnMPMME broadened. Interestingly, a split-CD signal
located at the red-shifted Soret band for ZnMPMME
was observed in the presence of the Type-2 polypeptide
(Table S1). This split-CD signal was not observed in the

presence of the Type-1 polypeptide. This may indicate
that ZnMPMME has a monomer-like structure in the
presence of the Type-1 polypeptide but aggregates
randomly in the presence of the Type-2 polypeptide.
The fluorescence of ZnMPMME is significantly
quenched in the presence of Type-2 polypeptide than
Type-1 (Table S2). These results suggest that the
ZnMPMME monomer complex is more stably orga-
nized in the presence of Type-1 polypeptide.

Figures 1 and 2 show the electronic absorption spectra
of Zn porphyrin complexes assembled by the synthetic
LH1 model polypeptides, using Type-1 polypeptide in
an OG micellar solution at 4 °C or onto a gold electrode
at room temperature. The Qy band of the [Zn]-BChl a
complex formed with the Type-1 polypeptide showed
an absorption maximum at 821 or 814 nm in an OG
micellar solution or on the gold electrode, respectively.
These absorption maxima indicate that, in both cases,
these are of the subunit type complex, such as seen with
LHI1-B alone.'* The Soret bands of the complexes
formed with ZnMPMME together with Type-1 poly-
peptide assembled in an OG micellar solution or onto
the gold electrode showed maxima at 415 nm.

FT-IR spectra of the complex of Type-1 polypeptide
and [Zn]-BChl « assembled on the electrode show at
1652 and 1543 cm ™!, the complex of Type-1 polypeptide
and ZnMPMME showed absorptions 1662 and
1549 cm™!'. These bands can be assigned to the amide
I and amide II bands, respectively. It is also possible
as previously described to use these bands to determine
the tilt angle of the helices relative to the surface of the
gold electrode.'® The tilt angle of the helix in the com-
plex of the Type-1 polypeptide and [Zn]-BChl « is 43°.
This angle is 47° for the complex formed between the
Type-1 polypeptide and ZnMPMME. Taken together
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Figure 1. Absorption spectra of Type-1/[Zn]}-BChl « (a) and Type-1/
ZnMPMME (b) complexes assembled in 0.78% OG at 4 °C.
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Figure 2. Action spectra (open circle) and absorption spectra (solid
line) on a gold electrode modified with Type-1/[Zn}-BChl « (a) and
Type-1/ZnMPMME (b) complexes in an aqueous methyl viologen
(5 mM) solution.

these results show that the LH1 model polypeptides are
in an o-helical conformation when assembled together
with these pigments onto a gold electrode.

Figure 2 shows the excitation spectra of the photo-
current density obtained from the complexes formed
from the Type-1 polypeptide and Zn porphyrin
pigments and their electronic absorption spectra of Zn
porphyrin complexes assembled onto a gold electrode.
Complexes on the electrode were illuminated with a
pulse of light that was either absorbed in the Qy band
of [Zn]-BChl « or the Soret band of the ZnMPMME.
It is clear from Figure 2 that an enhanced photocurrent
was observed in the presence of the complex of
ZnMPMME with Type-1 polypeptide (Fig. 2b). No
photocurrent was observed with the complex formed
from [Zn]-BChl @ and Type-1 polypeptide (Fig. 2a). In
this case, a cathodic photocurrent was observed, imply-
ing that one-way electron transfer from pigments in
these complexes to methyl viologen was occurred. The
excitation spectrum of the photocurrent density
obtained from the complexes of Type-1 polypeptide
with  ZnMPMME indicated that the photocurrent
responses showed maxima at wavelengths correspond-
ing to the maxima of the main absorption bands of
the complexes. Thus, the enhanced photocurrent
observed in the assembled complex upon illumination
at 415nm can be ascribed to electron transfer from
Au electrode to the ZnMPMME and then electron
transfer from the ZnMPMME to methyl viologen as
shown in Schemes 2b and S1. This data demonstrates
that the ZnMPMME complex was well organized by

the synthetic LH1 model polypeptide that has its o-helix
orientated with respect to the surface of the gold elec-
trode and that the observed photocurrents were driven
by light that was initially absorbed by ZnMPMME.

In conclusion, the SAM method is clearly successful in
allowing the assembly of LHI type functional com-
plexes on the electrode. In this case, the photocurrent
response depended on the structure of the pigments
and synthetic LH1 model polypeptides. This method
will be useful for the self-assembly of these complexes
in order to study the energy transfer and electron trans-
fer reactions between individual pigments in the
supramolecular complexes on the electrode. Various
combinations of these complexes are being tested for
their usefulness in constructing artificial solar energy
conversion devices.
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Abstract Synthetic single o-helix hydrophobic polypep-
tides, which have similar amino acid sequences to the
hydrophobic core in the native light-harvesting 1-f poly-
peptide from Rhodobacter sphaeroides, formed Zn
porphyrin complexes on a gold electrode, as well as in n-
octyl-f-glucoside micelles: this process is dependent on the
structure of the pigments and the polypeptides. Interest-
ingly, an enhanced photoelectric current was observed
when Zn mesoporphyrin monomer complexed with the
synthetic light-harvesting model polypeptide in an o-heli-
cal configuration was assembled with a defined orientation
onto the electrode. Analog of these light-harvesting model
complexes are also useful in providing insights into the
effect of polypeptide structure on the formation of light-
harvesting complexes on and off electrodes.
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Abbreviations

AFM Atomic force microscopy

BChl Bacteriochlorophyll

CD Circular dichloism

Fmoc 9-fluorenylmethyloxycarbonyl

HBTU O-(benzotriazol-1-y1)-N,N,N',N'-
tetramethyluronium
hexafluorophosphate

HOBt 1-hydroxybenzotriazole

ITO Indium tin oxide

LH1 Core light-harvesting complex

LH2 Peripheral light-harvesting
complex

LHI1-RC Light-harvesting antenna core
complexes

MPMME Mesoporphyrin monomethyl ester

MP-L-Lys(MP)

Mesoporphyrin-L-lysine-
mesoporphyrin (covalently bridged
mesoporphyrin

dimer with an L-lysine)

MV Methyl viologen

OG n-octyl-B-p-glucopyranoside
Rb. Rhodobacter

Rs. Rhodospirillum

SAMs Self-assembled monolayers
TFA Trifluoroacetic acid
ZnMPMME Zinc-substituted mesoporphyrin

ZnMP-L-Lys(ZnMP)

monomethyl ester
Zinc-substituted mesoporphyrin-L-
lysine-mesoporphyrin
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Introduction

Light-harvesting (LH) polypeptides organize bacterio-
chlorophyll a (BChl a) so that efficient energy transfer
between BChls can occur (Olsen et al. 1994; Karrasch et
al. 1995; Parkes-Loach et al. 1995; McDermott et al. 1995;
Pullerits and Sundstrom 1996; Sturgis et al. 1997; Cogdell
and Lindsay 1998). The first X-ray crystal structure of the
LH2 complex of Rhodopseudomonas acidophila strain
10050 was described at 2.5 A resolution (McDermott et al.
1995). It consists of a ring of nine heterodimeric subunits,
where each dimer consists of one o/f-apoprotein pair
together with three molecules of BChl and one molecule of
carotenoid. However, no such high resolution structure has
yet been determined for an LH1 complex, although low-
resolution structures have been determined from two-
dimensional crystals of LH1 complexes (Karrasch et al.
1995; Stuart et al. 2002), X-ray crystallography of three
dimensional crystals of LHI-RC complexes (Roszak et al.
2003) and atomic force microscopy (AFM) analyses of
LHI1-RC complexes (Bahatyrova et al. 2004). The LHI
complex forms a larger ring and it is probable that BChl a
binding-sites in the LH1 complex are very similar to those
associated with the LH2 complex.

The LH1 complex contains LH1-o and LH1-f polypep-
tides that have molecular weights of about 6 kDa and contain
approximately 65% a«-helical character based on far-UV and
circular dichroism (CD) data (Parkes-Loach et al. 1995). Each
polypeptide has a central, transmembrane hydrophobic core.
Olsen et al. (1994) proposed a model for the structure of the
minimal unit of the LH1 complex from Rhodobacter (Rb.)
sphaeroides. This model was tested by site-directed muta-
genesis (Sturgiset al. 1997). The results of this study indicated
that a hydrogen bond between a tryptophan at the C-terminal
region of the LH1 polypeptides and BChl a plays an important
role in the organization of BChl a. Loach and coworkers
reported that the LH1 complex of purple photosynthetic
bacteria can be reconstituted from separately isolated LH1-o
and -f§ polypeptides, or from chemically synthesized poly-
peptides, when added to BChl « either in lipid bilayers or n-
octyl-f-p-glucopyranoside (OG) micelles (Bustamante and
Loach 1994; Parkes-Loach and Loach 1995; Meadows et al.
1995, 1998; Kehoe et al. 1998; Noy and Dutton 2006). Upon
reconstitution the Q, band of BChl a is shifted from 777 nm
(monomeric form) to near 820 nm in the subunit form of the
B820 complex and to 870 nm in the holocomplex. These
results indicate that both purified LH polypeptides and
chemically synthesized polypeptides can be used to study both
the assembly and the structure of LH1 complexes.

Further reports from several other laboratories have
demonstrated that porphyrins can be assembled together
with synthetic polypeptides to produce artificial hemopro-
teins or LH1 complex models (Pasternack et al. 1991;

@ Springer

Choma et al. 1994; Benson et al. 1995; Rabanal et al.
1996; Arnold et al. 1997). Moreover other studies have
shown that it is possible to organize and assemble both
native and artificial light-harvesting complexes on to
electrodes (Bustamante and Loach 1994; lida et al. 1998,
2000; Kehoe et al. 1998; Meadows et al. 1998; Kashiwada
et al. 2000a, b; Nango et al. 2002; Ogawa et al. 2002).

Recently, the techniques of self-assembled monolayers
(SAMs) of organic molecules on an indium tin oxide (ITO)
or Au electrode have been developed (Nagata et al. 2003a;
Suemori et al. 2006, Kondo et al. 2007). In this article,
these techniques have been used to assemble Zn porphyrin
pigments, [Zn]-BChl a, mesoporphyrin monomer,
ZnMPMME and Zn mesoporphyrin dimer, ZnMP-L-Lys-
(ZnMP) (see Fig. 1) together with synthetic LH model
polypeptides, Type-1 and 2, that have similar amino acid
sequence to the hydrophobic core of the native photosyn-
thetic LHI-f polypeptide from Rb. sphaeroides, see Fig. 1,
(Kashiwada et al. 1999, 2000c; Nango et al. 2002) on to
gold electrodes and into OG micelles. The aim of this is to
gain insights into the structural requirements for assembly
of LH1 complexes on solid substrates.

Synthetic model LH polypeptides with cysteine group at
C-terminal, which can be easily bound onto a gold surface
were used (see Fig. 2). These polypeptides were synthesized
as described previously (Kashiwada et al. 2000d). Further,
we selected synthetic model polypeptides (see Fig. 1) that
have similar amino acid sequences to the hydrophobic core
of the native LH1-f polypeptide from Rb. sphaeroides. Zn-
substituted porphyrin complexes were used because of their
stability (Kashiwada et al. 2000c; Nagata et al. 2003b).
[Zn]-BChl a, obtained synthetically by the transmetalation
of BChl a (Hartwich et al. 1998), is more stable than BChl a,
and Zn porphyrin derivatives, therefore, have been widely
used in model studies of light-harvesting.

Materials and methods
Materials

Unless stated otherwise, all chemicals and reagents were
obtained commercially and used without further purifica-
tion. A BChl a bearing geranylgeraniol ester side chain was
isolated from the carotenoidless mutant G9 of Rs. rubrum
and purified by HPLC as described elsewhere (Meadows
et al. 1995). A [Zn]-BChl a was prepared from BChl a via
transmetallation by following procedures previously
reported (Dewa et al. 2005).

Zn Mesoporphyrin-IX Monomethyl Ester, ZnMPMME,
L-Lysine-linked Zn Mesoporphyrin dimer, ZnMP-L-Lys
(ZnMP) were obtained as previously described. (Kashiwada
et al. 2000a).
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Fig. 1 The amino acid

sequences of Rb. sphaeroides 3
LHI-f(and its synthetic model Lo
polypeptides and the structures
of BChl @ and Zn Type-1
mesoporphyrin derivatives Type-2

N-terminal

BChla: M =Mg
ZnBChla: M =2Zn

Hydrophobic Core C-terminal

MSKFYKIWMIFDPRRVFVAQGVFLFLLAVMIHLILLSTPSYNWLIYSAAKYNRVAVAE
LH1-f ADKSDLGYTGLTDEQAQELHSVYMSGLWLFSAVAIVAHLAVYIWRPWE

YMSGLWLFSAVAIVAHLAVYIWRPWEFGGC
((VYMSGLWLFSAVAIVAHLAVYIWRPWFGGC) ,

ZnMPMME

o o
o~ ~o
H H
NIWN

O o oH o

ZnMP-L-Lys(ZnMP)
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ZnMPMME gH in 0G gH onto Au E g ;

Type-1 Au electrode

Fig. 2 Schematic view of Type-1 polypeptide/[Zn]-BChl a (a),
Type-2 polypeptide/ZnMP-L-Lys(ZnMP) (b) and Type-1 polypep-
tide/ZnMPMME (¢) complexes assembled on a gold electrode

Preparation of native and LH1 model polypeptides

The native LH1-a and -f polypeptides were separately
isolated from the LH1 complex of Rb. sphaeroides as
previously described (Parkes-Loach and Loach 1995).

LH1-$ model polypeptides were prepared by solid-
phase peptide synthesis using a Rink amide resin, N*-9-
fluorenylmethyloxycarbonyl (Fmoc) amino acids, O-(ben-
zotriazol-1-yl)-N,N,N',N'-tetramethyluronium hexafluoro-
phosphate (HBTU) and 1-hydroxybenzotriazole (HOBLt).
The cleavage reaction was performed with phenol in 90%
trifluoroacetic acid (TFA), 5% thioanisol, and 5% H-O
solution for 90 min at room temperature. The product was
filtered from the resin and precipitated in cold ethyl-ether.
The ether solution was centrifuged for 5 min at medium
speed and the solid product dried in vacuo. The crude
product was further purified by reverse phase HPLC
(YMC-Pack Protein-RP: 250 x 4.6 mm, 5 um) and ana-
lyzed by TOF-Mass spectrometry. Solvent A was 0.1%
TFA in H,O. A 25-min gradient of 50-100% solvent B
(0.1% TFA in 67% acetonitrile and 33% 2-propanol) was
used. Absorbance was monitored at 280 nm. The desired
product was confirmed by TOF-Mass spectrometry. Type-2
was synthesized from Type-1 by oxidation in 30% DMSO
solution (Tam et al. 1991). The crude Type-2 product was
further purified by reverse phase HPLC and analyzed by
TOF-Mass spectrometry.

Reconstitution of LH1 model complexes
The molecular assembly of pigments together with the

synthetic polypeptides was carried out as previously
reported (Meadows et al. 1995). Ten nmol of the
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polypeptides were dissolved in 4.5% OG in 50 mM phos-
phate buffer, pH 7.5, diluted to 0.90% OG with detergent-
free buffer. Seven nmol of pigments, dissolved in organic
solvents (e.g., acetone), were then added to this mixture.
This solution was further diluted to 0.78% OG (the con-
dition for subunit-type complex formation) and chilled at
4°C overnight (for LHI-type complex formation), after
which the concentration of OG (26.7 mM) is approxi-
mately equal to its CMC (Ito et al. 2000).

Self-assembly of LH1 model complexes onto a gold
electrode

The substrate for the assembly was a 20 nm gold thin film,
which had been evaporated in a vacuum at room temper-
ature onto a glass substrate. To improve the adhesion of the
gold film to the glass, 10 nm of a Ti film was spattered on
to it prior to the Au deposition. The gold films were flame-
annealed immediately before use. The evaporation rate of
Au was 02 A 57" at a base pressure of 7 x 10~ Pa.

Complexes were immobilized on the gold electrode as
SAMs by immersion of the gold electrode in the sample
solution at 4°C for 12 h. Successful self-assembly was
detected by UV-Vis. and FT-IR spectroscopy.

Near IR, CD, FT IR, and fluorescence spectra

Near IR spectra were recorded with Hitachi U-2000
(spectral bandwidth of 2 nm) and U-3500 (spectral band-
width of 1 nm) spectrophotometers. CD spectra were
recorded with a Jasco J-600 or J-820 spectropolarimeter.
FT-IR spectra were recorded with PerkinElmer Spectrum
2000. Steady-state fluorescence spectra were recorded
using a fluorimeter composed of a CCD detector (Spec-10:
100BR/LN; Roper Scientific), two monochrometers (SP-
150M for excitation and SP-306 for emission; Acton
Research Co.) and a tungsten-halogen light source (TS-
428DC; Acton Research Co.). The slits were set at
0.50 mm for the LH1 complexes in OG and at 1.00 mm for
the LHI complex on the electrode.

All the spectroscopic measurements used sample solu-
tions that were placed in a temperature-controlled chamber.

Photocurrent measurements

Photocurrent measurements were carried out in 100 mM
phosphate buffer (pH 7.5) containing 100 mM sodium per-
chlorate, 5 mM methyl viologen (MV) in a home made cell
that contained three electrodes (a gold electrode modified by

Table 1 Absorption and CD spectral data of the pigments in the presence of LHI polypeptides from Rb. sphaeroides and the synthetic model

polypeptides in 0.78% OG micellar solutions at 25°C or 4°C

Pigments Polypeptides Jmax (Nm)* CD Jpax (nm) (1074 0)
25°C 4°C 4°C
BChl a None 777, 850° 777, 850° No clear signal
LH1-o and -8 821 873 888 (8.2), 855 (—6.1)
LHI1-p 821 823 828 (—4.5)
Type-1 818 843 854 (6.0), 813 (=7.0)
Type-2 814 814 823 (10), 802 (—20)
[Zn]-BChl a None 770 770, 841° No clear signal
LHI1-$ 815 815 820 (—12)
Type-1 809 821 842 (24), 810 (—17)
Type-2 807 807 822 (6.1), 792 (—21)
ZnMP-L-Lys(ZnMP) None 386 391° 401 (5.2), 379 (—7.4)
LHI1-p 386, 410" 415 403 (5.8), 379 (—17.0)
Type-1 386, 412° 417 422 (—9.4), 413 (4.8), 399 (4.7), 377 (—4.7)
Type-2 386, 412° 418 425 (—0.3), 410 (1.7)
ZnMPMME None 404 396" 408 (2.0), 385 (—3.0)
LHI-$ 407 414 419 (-3.3), 410 (2.2)
Type-1 407 415 No signal
Type-2 404 418 421 (—3.6), 413 (1.8)

a

> Broad peak was observed
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Qy band for BChl a and [Zn]-BChl a, and Soret band for Zn mesoporphyrin derivatives
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addition of a SAM of the complex as the working electrode, a
Ptelectrode as a counter electrode and an Ag/AgCl electrode
as the reference electrode). The working electrode was
illuminated with a halogen lamp unit, AT-100HG, through a
monochromator, SPG-120S (Shimadzu) for 30 seconds, and
the response of photocurrent was monitored.

Results and discussion

Molecular assembly of a Zn porphyrin complex using
synthetic light-harvesting model polypeptides in OG
micellar solutions

To compare the effect of the structure of the polypeptides
on the formation of the LHI complex, we examined the
molecular assembly of [Zn]-BChl a with Type-1 and 2
polypeptides in OG micellar solutions. Table 1 shows the
position of the Qy absorption band or the Soret band and
the CD signals of the pigments in the presence of the
synthetic hydrophobic polypeptides. It is clear from
Table 1 that the Qy band of [Zn]-BChl ¢ monomer in OG
micelles (770 nm) is red-shifted to 809 nm in the presence
of Type-1 polypeptides at 25°C. This is analogous to the
subunit complex that forms with either LH1-f# and LH1-«
together or with LHI-f alone. A further red-shift to
821 nm occurs when the sample is cooled to 4°C. This is
qualitatively similar to that seen using BChl a (see
Table 1). These data again shows that the [Zn]-BChl a
complex can be organized by this synthetic hydrophobic
single o helix polypeptide in OG micelles (Kashiwada et
al. 2000c¢). It is interesting that a similar red-shift of the Q,
band is not observed in the presence of the Type-2 poly-
peptide. Instead in this case, the Qy band was only red-
shifted to 807 nm and dramatically sharpened. This result
suggests that the disulfide-linkage in the C-terminal seg-
ment obstructs formation of a LHI-type complex as
described previously (Table 1) (Kashiwada et al. 2000c).
Very little difference between the intensities of CD signals
of reconstituted complexes involving the Type-1 and Type-
2 polypeptides was observed (Table 1).

To test the effect of the structure of the pigments on the
LHI1-complex formation, the reconstitution of the com-
plexes was repeated using ZnMPMME and ZnMP-L-
Lys(ZnMP). The Soret band of ZnMPMME (404 nm) in
OG micelles was red-shifted to 407 nm at 25°C in the
presence of either Type-1 or 2 polypeptides. Upon cooling
to 4°C a further red-shift to 415 or 418 nm was observed
(Table 1). Interestingly, the Soret band of ZnMP-L-
Lys(ZnMP) in the presence of Type-1 or Type-2, in 0.78%
OG at 25°C is split with peaks at 388 and 412 nm. Upon
cooling either solution to 4°C, the Soret band at 388 nm
almost disappears and the band at 412 shifts to 417 or

419 nm in the presence of Type-1 or 2 polypeptides,
respectively. These changes in the Soret band in the pres-
ence of the two polypeptides were reversible with
temperature. In the absence of the polypeptides the Soret
bands of ZnMPMME and ZnMP-L-Lys(ZnMP) remained
broad (Table 1). Interestingly, a split-CD signal located at
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Fig. 3 Absorption spectra of Type-1 polypeptide/[Zn]-BChl a (a),
Type-2 polypeptide/ZnMP-L-Lys(ZnMP) (b) and Type-1 polypeptide/
ZnMPMME (¢) complexes assembled on a gold electrode (dashed)
and in 0.78% OG at 4°C (black). [Type-1] =3.45 uM. [Type-
2] = 1.72 pM in 0.78% OG
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the red-shifted Soret band for ZnMPMME was observed in
the presence of the Type-2 polypeptide. This split-CD
signal was not observed in the presence of the Type-1
polypeptide. This may indicate that ZnMPMME has a
monomer-like structure in the presence of the Type-1
polypeptide but becomes aggregated in the presence of the
Type-2 polypeptide. CD signals at the red-shifted Soret
band of ZnMP-L-Lys(ZnMP) were also observed in the
presence of either the Type-1 or 2 polypeptides and again a
split signal was observed only in the presence of Type-2
polypeptides. The fluorescence of ZnMPMME is more
quenched in the presence of Type-2 polypeptides than
Type-1 (Table S1). In contrast, the fluorescence of ZnMP-
L-Lys(ZnMP) is more quenched in the presence of a Type-1
polypeptide (Table S1). These data suggest that the
ZnMPMME monomer complex is more stably organized in
the presence of Type-1 polypeptides, while the ZnMP-L-
Lys(ZnMP) complex is more stably assembled in the
presence of Type-2 polypeptides.

Molecular assembly of Zn porphyrin complexes onto a
gold electrode using synthetic light-harvesting model
polypeptides

Figure 3 shows the NIR absorption spectra of Zn-porphyrin
complexes assembled by the synthetic LH1 model poly-
peptides, both using Type-1 or Type-2 polypeptides either
in an OG micellar solution at 4°C or onto a gold electrode
at room temperature. The Qy band of the [Zn]-BChl a
complex formed with the Type-1 polypeptide showed an

I
2
g1l (@)
= o
3
%Mw
g I 1 nAcm’?
E
=
g
=]
B (©
3 on off on off on off
g
v
0 30 60 90 120 150 180 210
Time /s

Fig. 4 Time course of the photocurrent on a gold electrode modified
with Type-1 polypeptide/[Zn]-BChl a (a), Type-2 polypeptide/ZnMP-
L-Lys(ZnMP) (b) and Type-1 polypeptide/ZnMPMME (¢) complexes
in an aqueous MV>* (5 mM) solution upon illumination at the Soret
or the Q, absorption band of the pigment complex

@ Springer

absorption maximum at 814 nm on the gold electrode and
at 821 nm in an OG micellar solution. These absorption
maxima indicate that both cases represent a subunit type
complex, as seen with LH1-f alone (Meadows et al. 1995).
The Soret bands of the complexes formed with either
ZnMPMME or ZnMP-L-Lys(ZnMP) together with either
Type-1 or 2 polypeptides assembled onto the gold elec-
trode showed maxima at 415 (ZnMPMME) or 418 nm
(ZnMP-L-Lys(ZnMP)).

The FT-IR spectra of the complex of Type-1 polypep-
tide and [Zn]-BChl a showed absorptions at 1652 and 1543
cm ™' the complex of Type-1 polypeptides and ZnMPMME
showed absorptions 1662 and 1549 ¢cm" and the complex
of Type-2 polypeptide and ZnMP-L-Lys(ZnMP) showed
absorptions at 1658 and 1543 cm™'. These bands can be
assigned to the amide I and amide II bands, respectively,
and clearly indicate that the polypeptides are largely heli-
cal. It is also possible as previously described (Gremlich
et al. 1983; Miura et al. 1998) to use these bands to
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Fig. 5 Photocurrent excitation (solid circle and solid line) and
absorption (dashed line) spectra on a gold electrode modified with
Type-1 polypeptide/ZnMPMME (a) and Type-2 polypeptide/ZnMP-
L-Lys(ZnMP) (b) complexes in an aqueous MV (5 mM) solution upon
illumination at the Soret absorption band of the pigment complex
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determine the tilt angle of the helices relative to the surface
of the gold electrode. The tilt angle of the helix in the
complex of the Type-1 polypeptide and [Zn]-BChl a is 43°.
This angle is 47° for both the complex formed between the
Type-1 polypeptide and ZnMPMME and for the one
formed between the Type-2 polypeptide and ZnMP-L-
Lys(ZnMP). Taken together these results show that the
LHI model polypeptides are in an «-helical conformation
when assembled together with these pigments onto a gold
electrode.

Photocurrent induced by illumination of Zn porphyrin
complexes assembled onto a gold electrode using
synthetic light-harvesting model polypeptides

Figure 4 shows the time course of the photocurrent gen-
erated by complexes formed from either Type-1 or Type-2
polypeptides and Zn-porphyrin pigments assembled onto a
gold electrode. The complex on the electrode was illumi-
nated with a pulse of light that was either absorbed in the
Qy band or the Soret band of the Zn porphyrin. The irra-
diation was applied to the electrode periodically. It is clear
from Fig. 4 that the strongest photocurrent was observed in
the presence of the complex of ZnMPMME with Type-1
polypeptides. Less photocurrent was observed with the
other complexes involving ZnMPMME. No photocurrent
was observed with the complex formed from [Zn]-BChl a

and Type-1 polypeptides. In each case, a cathodic photo-
current was observed, implying that one-way electron
transfer from pigments in these complexes to MV was
occurring as described below.

Figure 5 shows excitation spectrum of the photocurrent
density obtained from complexes of Type-1 polypeptides
with ZnMPMME (a) and Type-2 polypeptides with ZnMP-
L-Lys(ZnMP) (b). These photocurrent responses showed
maxima at wavelengths corresponding to the maxima of
the main absorption bands of the complexes. Interestingly,
an especially enhanced photocurrent was observed upon
illumination of the complex of Type-1 polypeptides with
ZnMPMME at 415 nm.

This data suggests that electron transfer between the
pigments in the assembled complexes occurs as shown in
Fig. 6. This is analogous to the electron transfer that has
been seen with LHI-type complexes, using [Zn]-BChl a,
assembled onto an ITO electrode (Ogawa et al. 2002).
Thus, the enhanced photocurrent observed in the assembled
complex upon illumination at 415 nm can be ascribed to
electron transfer from the Au electrode to the ZnMPMME
and then electron transfer from the ZnMPMME to MV as
shown in Fig. 6. This data demonstrates that the
ZnMPMME complex was organized by the synthetic LH1
model polypeptide that has its o-helix orientated with
respect to the surface of the gold electrode, and that the
observed photocurrents were driven by light that was ini-
tially absorbed by the ZnMPMME.

Fig. 6 Schematic view of light (@) < : Tvpe-1 (b)

energy transfer between hV N yE R hV' Type-2

pigments in (a) Type-1 A Y SN N
polypeptide/[Zn]-BChl a and <5 \\\ \ \\ \\

(b) Type-2 polypeptide/ZnMP- \ [Zn]-BChl a QS ZnMP-L-
L-Lys(ZnMP) complexes S Lys(ZnMP)

assembled on a gold electrode
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In conclusion, the SAM method is clearly successful in
allowing assembly of LHI1-type functional complexes on
the electrode. In this case the photocurrent response
depended on the structure of the pigments and synthetic
LH1 model polypeptides. Various combinations of these
complexes are being tested for their usefulness in con-
structing artificial solar energy conversion devices.
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Abstract

The conductivity of a photosynthetic
reaction center (RC) from Rhodobacter
sphaeroides was measured with conductive
atomic force microscopy (CAFM) on
SAM-modified Au (111) substrates.
2-mercaptoethanol (2ME), 2-mercaptoacetic
acid (MAC), 2-mercaptopyridine (2MP) and
4-mercaptopyridine (4MP) were prepared as
SAM materials to investigate the stability
and morphology of RCs on the substrate by
using near-IR absorption spectroscopy and
AFM, respectively. The clear presence of
the three well known RC near-IR absorption
peaks indicates that the RCs were native on
the SAM-modified Au(111). Dense grains
with various diameters of 5-20nm, which
corresponded to mixtures of single RCs up
to aggregates of 10, were observed in
topographs of RCs adsorbed on all the

different SAM-modified Au (111) substrates.
The size of currents obtained from the RC
using a bare conductive cantilever were
produced in the following order for SAM
molecules: 2MP>2ME>4MP>MAC. A clear
rectification of this current was observed for
the modification of the Au(111) substrate
with the r-conjugated thiol, 2MP, indicating
that 2MP was effective in both promoting
the specific orientation of the RCs on the
electrode and electron injection into the RC.
Cyclic voltammetry measurements indicate
that the the 2MP is better mediator for the
electron transfer between a quinone and
substrate. The current with 2MP-modified
cantilever was twice as high as that obtained
with the Au-coated one alone, indicating
that 2MP has an important role in lowering
the electron injection barrier between special
pair side of RC and gold electrode.
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1. Introduction

Photosynthetic  organisms use  well-
defined pigment protein complexes to
convert solar energy into a useful form of
chemical energy. The nano-scale apparatus
present in photosynthetic membranes has
been optimized for low-power output and
high-quantum efficiency operation.
Advances from X-ray crystal structures and
time-resolved optical spectroscopy have
provided detailed insights into the structure
and function of these complexes particularly
in the case of the simplest photosynthetic
apparatus from purple bacteria’® The
primary light reactions of purple bacterial
photosynthesis occur in transmembrane
protein-pigment complexes that together

form the so-called photosynthetic unit (PSU).

The PSU consists of light harvesting (LH)
complexes and reaction centers (RCs). In the
case of purple photosynthetic bacteria,
photons are usually initially absorbed by the
LH 2 complex. The excitation energy is then
funneled to the RC, via the LH 1 complex,
where charge separation takes place across
the photosynthetic membrane.* °

In molecular electronics, great advances
have been made in the integration and
miniaturization of organic devices. Recently
an organic device using nanoassembled
films has been demonstrated. °*° Similar
advances in nanobiotechnology require
systems for using proteins, such as those
found in the bacterial photosynthetic
membrane, in both nanoassembled films and
on electrodes.'**® Recently, atomic force
microscopy (AFM) has been wused to
visualize membrane proteins, such as the LH
2 complexes.’®%® Scheuring et al. observed
the LH 1 complex as minor component
together with the major LH 2 complex from
Rubrivivax geratinosus® and the LH 1/RC
complex in native photosynthetic
membranes (chromatophore) from

Rhodopseudomonas viridis® and
Rhodospirillum photometricum?®. Fotiadis et
al. observed the LH 1/RC complex from R.
rubrum in lipids from E. coli.®
Bahatyrova et al. showed that the LH 1
complexes of a mutant lacking the RC form
circular, elliptical, and even polygonal ring
shapes as well as arcs and open rings*, and
that the LH 1 complexes are positioned to
function as an energy collection hub from
the LH 2 complex to RC in native
membranes.? In our previous study, AFM of
the LH 1 complexes showed a ring-like
structure interpreted as an individual
molecule of the LH 1 complex.'? Scanning
probe  microscopy, including AFM,
possesses the potential of not only imaging
but also measuring a single biomolecule.
RCs are an ideal membrane protein to use
for these types of studies because of their
stability and because the spectroscopic
properties of their pigments can be used to
check that the RCs remain in a native state
when assembled into nanofilms or onto
electrodes. Currents produced by RC films
have already been reported.?*® Recently
scanning probe analyses, including STM
(Scanning Tunneling Microscopy) and
conductive atomic  force  microscopy
(CAFM), have been shown to be very useful
in these types of studies because they allow
the study of the electronic properties of
individual molecules in nanoassembled film
on conductive metal substrates without the
requirement for averaging inherent in most
other methods. In particular, CAFM allows
the contact resistance between the sample
and tip to Dbe controlled during
current-voltage (1-V) measurements. In a
previous publication, Stamouli et al °
reported the electron conduction of RCs in
lipid bilayers on High Orientated Pyrolytic
Graphite (HOPG) using CAFM with a Pt/Ir
coated probe in air.

In this area of research there are two
fundamental issues. Firstly, how to order
proteins on the electrodes with respect to
their sidedness, and secondly how to make a
good electrical contact between the protein

46



and the electrode. Biotechnology allow the
mutation of RC, the orientation is
determined by His-tagged RC.*® However
there are rather few reports of studies
looking for better chemical modifiers with
good electric contact between metalloprotein
and metal electrode.?” **2 We found that
the adsorption of the LH1-RC on the
SAMs depend on the termination group and
methylene length of the alkanthiols.'” This
issue is addressed in the present study.

Here, we report the use of AFM to obtain
topographs in combination with electrical
measurements with RCs from Rhodobacter
(Rb.) sphaeroides laid down on a chemically
modified Au(111) electrode as shown in
Figure 1. We have tested several different
types of chemical modifiers (Figure la) of
the Au(111) electrodes and investigated how
these affect the stability and the
current-voltage characteristics of RCs using
near-IR spectroscopy and scanning probe
analyses. In our experiments Au(111) was
used as coating metal for both the substrate
and the probe to try to obtain electrodes with
very similar work functions. If the metals
used as top and bottom electrodes have
different work functions this will, by itself,
lead to an asymmetric 1-V curve. Electrodes
with similar work functions, therefore,
allowed the detailed investigation of the
electron injection barrier between the RCs
and the Au electrode. Our aim was to try and
derive the fundamental physical parameters
that relate the electric functionality of the
RCs to the properties of their redox carriers,
requiring higher currents at single molecular
level. * And we have examined chemically
modified Au-coated probe to increase the
current of RCs on the electrode using
CAFM.

2. Materials and Methods

2.1. Preparation of the RCs

The RCs were isolated from the purple
bacterium Rb. sphaeroides strain

PUC705BA as previously described.®* The
purified RCs were detergent exchanged into
n-octyl B-D glucopyranoside in Tris-HCI
buffer (10mM, pH 8), and purified further
by Sephadex G-100 gel filtration. The final
concentration of the RCs was about 1puM.

2.2. Preparation of chemical modified
Au(111)

Cleaved mica was baked in a vacuum
chamber at 2x10™ Pa at 300 °C for 2 h. A
100 nm thickness of gold was epitaxially
deposited onto this prebaked mica with an
evaporation rate of 0.3-0.4 nm/sec. ¥
Annealing was then carried out at 530 °C for
10 hours in a vacuum chamber. The
presence of a wide, atomic flat terrace over
an area of 200 nm x 200 nm area was
confirmed using STM. After hydrogen flame
annealing and immediate quenching into
pure water, the Au(11l) substrates were
rinsed in ethanol and dried with N, gas. The
Au(111) substrates were then immersed in a
1 mM solutions (in distilled ethanol) of one
of the following, mercaptoacetic acid
(HSCH,COOH, MAC), 2-mercaptoethanol
(HSCH,CH,0H, 2ME), 4-mercaptopyridine
(CsHsNS, 4MP), and 2-mercaptopyridine
(CsHsNS, 2MP)  (Figure 1a), for 2 h. All
the SAM materials were purchased from
Tokyo Kasei Kogyo and used without
further purification. After chemical surface
modification, the electrodes were rinsed
thoroughly with ethanol and dried with
nitrogen.

2.3. Preparation of RCs on chemical
modified Au(111)

A 100ul of a 1TuM RC solution in 0.8%
OG (10mM Tris-HCI buffer, pH 8) was cast
by syringe onto each SAM-modified Au
substrate (2cm x lcm) for the near-IR
absorption measurements. After casting, the
samples without rinsing by water were

placed in vacuum to dry for 4 hours in the
dark. The chemically-modified Au(111)
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substrates for the AFM measurements were
incubated with a 1uM RC solution in 5 mL
for 10min in the dark. After rinsing
thoroughly with distilled water to remove
detergent and extra RCs for about 10 min,
the substrates were again dried under
nitrogen.

2.4. Near IR Absorption spectra of RC

For the near-IR absorption measurements

were used. 100 pl of 1 uM RCs were cast
onto the SAM-modified gold substrate.
Near-IR spectra of these RCs in the presence
of a reducing agent, 20mM L-ascorbic acid
in 1 mM Tris, pH 7.5, were recorded with a
UV-3500  spectrophotometer  (Hitachi,
Japan).

2.5. Cyclic voltammogram

CV of ferricianides for 2ME, MAC, 2MP

transparent Au-deposited glass substrates  and 4MP self-assembled onto a gold
/OH /OH
o=—cC HoC
Au(111) \CH2 \CH2
/] /
ho, (+) charged HS HS
( NG ) MPﬁC 2ME
oy AN
H ,7” N X-SH ‘ |
g v N
2 @ ad KEFRRRRRFFXX AN x
|_M subunit L subunit _ S
H subunit
. 2MP
(-) charged, hydrophilic
— (@) X-SH

KR FRRRRAX

XXROOHOHRX XK X SR
I???????????‘F” $$ | I???????????.SI e e
(b) Up (c) Down (d) Lying (e) Denature

KXXXXX M‘Mé

(f) CAFM

Figure 1. (a) The chemical structures of MAC, 2ME, 4MP
and 2MP. (b) CAFM applied with RCs sandwiched
between two chemically modified Au electrodes. (c)
Ilustration of the structure and the light-induced
electron transfer pathwav in RC s from Rb. sphaeroides.

Figure 2. (a) AFM topograph of a
2MP-modified Au(111) substrate with
gold coated cantilever. (b) AFM topograph
(500nm scan) of RCs on a 2MP-modified
Au(111) substrate with gold coated
cantilever. Insert shows a high-resolution
topograph with a 50nm scan.
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electrode and a bare gold electrode in 0.1 M
phosphate  buffer containing 1 mM
K;[Fe(CN)s] and 0.1 M NaClOy4. The gold
electrodes (purchase from Furuya Metal Co.
Ltd. Roughness = 10-20 nm / 10 x 10 pm?)
were cleaned by Ozone.

2.6. AFM Imaging and CAFM I-V
Measurements
AFM images were recorded with an

SP1-3800 controller and SPA-300HV unit
(S Nanotechnology, Japan).  SiN
cantilevers, with a spring constant of 0.09
N/m, were used. The Au/Cr-coated SiN
cantilevers (OLYMPUS) had a spring
constant of 0.025 N/m and typical tip radius
of 40 nm. The 2MP-modified Au-coated
probes were obtained by immersion in SAM
solution (distilled ethanol) for 2h, followed
by rinsing in ethanol and drying under N;
gas. Current was monitored with a highly
sensitive current-voltage amplifier
connected to the conductive tip.

The AFM imaging and CAFM |-V
measurements were carried out under
vacuum (5 x 10™ Pa) at room temperature.
We looked for areas of densely packed
single RCs by searching for 5-20 nm
diameter grains by AFM imaging. When
such an area was found, the each
conductivity of grains was measured. A
ramp bias voltage, with a typical sweep time
of 100 ms, was applied between the
conductive tip and the lower Au(11l)
substrate. A typical applied cantilever force
was 1 nN. Each CAFM I-V curve was
obtained by averaging 40 individual scans.

0.3

---MA

— 2ME
~2MP
—-4MP
= bare

02

Current (mA)

-0.2 0 0.2
Potential (V)

2.7. Au nanoparticle array for checking
radius of 2MP-modified probe

A Au nanoparticle array on silicon was
prepared by adsorption of Au nanoparticles
onto a poly(N-dodecyl acrylamide-co
-4-vinyl pyridine, p(DDA/VPy)) Langmuir-
Blodgett (LB) film.*

3. Results and discussion

3.1. Chemical modification of Au(111l)
by SAM and RC adsorption on this
substrate

Figure 2a shows AFM topographs, taken
in vacuo (5x10* Pa), of a 2MP-modified
Au(111) substrate, obtained with a bare Si
probe. The SAM with 2MP has the tendency
to cause aggregation with long dipping times
(>6h). It was shown that this aggregation is
not observed on the Au(111) substrate with
shorter dipping times of ~ 2h. This
aggregation affects the surface roughness of
the chemically-modified Au(111) substrate.
Similar results were observed for MAC,
2ME and 4MP.

Figure 3 shows CV of ferricyanide using a
gold electrode modified with these SAM
molecules under 2h dipping condition. Good
conductivity for ferricyanide was observed
with Au electrode modified by 2MP as well
as by 2ME and with bare Au using CV
measurement (Figure 5), implying that the
2MP little packs onto the gold electrode for
electron transfer.

Figure 2b shows

AFM topographs,

Figure 3. Cyclic voltammograms of ferricianides for
2ME, MAC, 2MP and 4MP self-assembled onto a
gold electrode and a bare gold electrode in 0.1 M
phosphate buffer containing 1 mM K3[Fe(CN)6] and
0.1 M NaClO4. The gold electrodes (purchase from
Furuya Metal Co. Ltd. Roughness=10-20 nm/10x10
mm2) were cleaned by Ozone. The substrates were
soaked in 1mM 2ME, MA, 2MP and 4MP.
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Table 1. Current and rectification ratio of RCs at £1 V on various SAM modified Au(111) substrates

Bpheo Accessory BChl a SP
Peak | FWHM | Peak FWHM | Peak FWHM

RC solution 756.6 41.7 802.4 26.3 863.3 65.6
RC solution

(ox.) 757.0 39.7 802.6 27.9 860.8 77.3
RC on MAC 751.7 40 802.7 28.7 860.3 51
RC on 2ME 756.9 415 802.6 26.7 857.2 52.6
RC on 4MP 757.1 38.3 802.5 215 862.5 60.9
RC on 2MP 756.8 38.4 802.6 25.3 862.3 53.1

recorded in vacuo (5x10™® Pa), of RCs 2MP-, and 4MP-modified Au (111)

adsorbed on a 2MP-modified Au(111)
substrate, obtained with an Au-coated Si
probe. The surface roughness of the RC
films was 2.87 nm, which was smaller than
the size of a single RC complex.*”*® Dense
grains with various diameters of 5-20nm,
which corresponded to aggregates of up to
10 RCs, were observed in all the topographs
of the RCs adsorbed onto all the different
SAM-modified Au(111) substrates.

We measured AFM morphology by time
course of incubation of RC, 1 min, 2 min, 5
min, 10 min, 2 h, 6 h, 12 h and 24 h to
obtain better AFM imaging quality. During
1 - 5 min, the morphology was unstable by
scratching of AFM tip. When the incubation
time was 10 min, the densely grains of RC
was clearly observed as shown in Figure 2.
After 2 h, the roughness was over 12 nm,
indicating that the multilayer was made.
Thus the suitable incubation time was 10
min.

Figure 4 shows the near IR absorption
spectra of the RCs in solution and on the
chemically-modified Au substrates in the
presence of the mild reducing agent, 20 mM
L-ascorbic acid. The RC on the substrate
was in vacuo after adsorption on the
substrate and then IR absorption spectra was
measured. The well known RC absorption
peaks at A=760 nm and A=800 nm were
observed for the RC’s cast on the 2ME-,

substrates, just as is seen with the RC s in
solution. These absorption bands come from
the bacteriopheophytin (H) and accessory
bacteriochlorophyll (BChl) a molecules in
the RCs, respectively.*® Table 1 summarizes
peak top wavelength (A nm) and full width
at half maximum (FWHM). As is apparent
from Table 1, the peaks were not broader for
using 2MP, 4MP and 2ME, respectively,
indicating that the pigments were not
decoupling in the RC on the SAM-Au
substrate. Interestingly, the A =860 nm
peak, which is due to the BChl special pair
(P) in the RC, was not observed in near-IR
spectra of RCs on the SAM modified
Au(111) substrates before they were dipped
in the reducing agent. Clearly placing the
RCs onto the gold su bstrate oxidizes them.
The presence of these three near-IR
absorption peaks clearly indicates that the
RCs were native on the 2MP, 4MP, and
2ME-modified gold substrates after in vacuo
(Figure 1b-d). While, RC on the
MAC-modified Au might be slightly
denatured (Figure 1e). In the absence of the
SAM material on the Au(11l) surface the
RCs were not adsorbed.

3.2. 1-V curves of RCs on the chemically
modified Au(111)
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Current-voltage ~ measurements  with
Au-coated probes were determined in vacuo
at room temperature on grains with
diameters of 5-20 nm i.e. single RCs (Figure
2b inset). Gold was used as coating metal
for both the substrate and the probe to try to
obtain electrodes with very similar work
functions. If the metals used as top and
bottom electrodes have different work
functions this will, by itself, lead to an
asymmetric 1-V curve. Electrodes with
similar work functions, therefore, allowed
the detailed investigation of the electron
injection barrier between the RCs and the
Au electrode. The I-V curves were obtained
by averaging 40 individual I-V curves taken
from different grains selected at random.
Before the acquisition of every I-V curve the
applied force of the AFM probe was
increased so as to be able to measure a
detectable current. It was noted, however,
that increasing this applied force from 1nN
to 5nN, between the tip and the RCs,
resulted in an unsteady current. The suitable
incubation time for I-V measurements were
10 min as well as imaging condition. When
the incubation time was over 2h, the current
was not observed for I-V curve due to the
low conductivity. This also suggests that the

Soo 300 500

Wavelength (nm)

700

Figure 4. The near-IR spectra of RCs in solution and
immobilized on MAC, 2ME, 4MP and 2MP-modified
Au substrates. Each spectrum is shown with an offset.
The spectrum of RC s in solution is shown at a scale
of one-fiftieth.

multilayer was made. Semiconductor like
I-V for SAM of 2MP without the RCs was
obtained and the current was 0 between +
0.2 V and approximately 80 nA at 1 V using
Au cantilever, indicating that the
rectification comes from RC. The effective
current path mediated by the 4 redox
components (RSs) in the RCs may be,
therefore, sensitive to protein deformation.
Zhao et. al. ** have observed such a pressure
dependent current with a metalloprotein that
includes azurin as an RS.

Figure 5 shows the measured current as a
function of the applied voltage between the
substrate and tip. The adsorbed RCs
displayed different 1-V characteristics,
depending on the type chemical modifier.
Table 2 summarizes this data with measured
currents at £1 V and gives the rectification
ratios. The current and the rectification ratio
were the lowest at using MAC, SAM using
MAC forms a negatively charged surface
and this results in the denaturation of the
RCs, as shown by their at Near-IR spectra
(Figure 4). In this case the I-V curve was
symmetric at about V= 0. The current of
570pA at 1V from RCs mediated by 2MP
was the best and about twenty times higher
than with the RCs mediated by 4MP.

600 ——— —— .
500l AWZMP/RC/AU |
t Au/2ME/RC/Au
400F Au/amMP/RCIAU S
. I AUMAC/RC/Au : .
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-100- -
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Figure 5. Four |-V graphs of RCs each
with differently chemically-modified
surfaces; substrate/SAM/RC/probe:
Au/2ME/RC/Au, Au/MAC/RC/Au,
Au/2MP/RC/Au and Au/4AMP/RC/Au.
Error bars indicate the variability of the
40 1-V curves.
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I-V graphs of films with oriented RCs on
2ME, 2MP, and 4MP-modified Au(111)
substrates  showed an  asymmetric
conductance between the positive and
negative bias voltages. This contrasts with
the symmetric |-V graphs measured for the
RCs on a MAC-modified substrate. In the
former cases the current increases on reverse
bias and remains small in forward bias.
Current rectification by organic molecules
has been reported in the literature for
zwitterionic molecules, ** phythalocyanine
molecules** and photosynthetic RCs from
plants.?® In the case of photosystem | (PS 1)
from plants the current-rectifying 1-V curve,
obtained with STM, has been attributed to
the 80% orientation of the PSI complexes on
the surface using 2ME as SAM molecule?®
and has, therefore, been used to indicate the
orientation with which the complex
preferentially adsorbs on the surface.?® The
results were similar to our results. However,
the current is not comparable because the PS
| is measured by STM. The tip of STM is
quit different, radius and shape with those of
CAFM.  Stamouli et al. note that the
proteoliposome of RC immobilized on

HOPG and the current was measured by AL LiniINe

CAFM.  The rectification by IV
measurements is also similar (They
represent the applied voltage for tips.).
Lukins demonstrates high resolution of PSII
by STM.”* However, the rectification of
PSIl is not observed by STM/scanning
tunneling spectroscopy (STS). Generally,
STM can not control the distance between
the tip and the sample during STS
measurement and thus, the discussion of
results becomes complicated because of
the low conductivity and heterogeneity of
these proteins surface.?

The current-voltage curves of RCs
sandwiched  between two electrodes
measured here clearly demonstrate that these
proteins do conduct electrons. There are
various models to account for electron
transfer in organic systems. Firstly, direct
tunneling from one electrode (tip) to the
other. This source of charge propagation can

be simply ruled out due to the excessively
large tunneling distances that would be
involved in this case* e.g. 7.3 nm across the
RC. An alternative type of electron transfer
is via electronic states existing in the
molecule sandwiched between the two
electrodes. These could be localized or
delocalized over the entire molecule. Since
the X-ray crystal structure of the RC has
been described, this information can be used
to suggest a possible molecular electron
transfer pathway (Figure 6). * *® In this
study, the direction of the rectification in the
cases of the 2ME, 2MP, and 4MP- modified
Au(111) electrode SAM, suggests that the
RCs from RDb. sphaeroides are preferentially
adsorbed at H subunit (Figures 1b and 6a)
and that the electron from gold coated probe
transfers to the chemically modified
Au(111) substrate by the pathway shown in

/ P k™,
b v s
Au coated probe P f > A A,
~ ‘ m
= !
7 @ P
% 9 %

e

N1 Au(111)
Bias voltage

@

Au(111)

= Bias voltage

(d)

Figure 6. Schematic illustration of C-AFM and
electron transfer mechanism. (a) bare Au
cantilever for C-AFM. (b) electron pathway of
pigments in RC (c) hydrophilic amino acid
residues of RC are high-lighted. (d) SAM
modified Au cantilever for C-AFM. Circle A:
electron injection from cantilever to P in RC.
Circle B: electron injection from RC to Au(111).
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Table 2. Current and rectification ratio of RCs at +1 V on various SAM modified Au(111) substrates
a. ARC anchored perpendicular down and up (up as in Figure 1b) to Au(111).
b. Using a 2MP-modified Au-coated Si probe.

SAM molecules I(pA) Rectification ratio, %

-1(V) +1(V)

down? up? lup|/(|down| + |up])=
MAC -10 10 50.0
2ME -20 120 85.7
2MP -80 570 87.7
4MP -8.0 25 75.8
2MP-2MP® -150 1000 87.0

Figure 6a-b (and see bellow). Figure 6c
illustrate the highlight of hydrophilic amino
acid residues in the RC and many
hydrophilic amino acids were found in H
subunit. This implies that the RCs are
physisorbed at H subunit on the substrate.
To estimate a possibility of the electron
transfer mediated by quinone, the CV were
measured in the presence of
dichlorobenzoguinone (DCBQ) such a stable
quinone in stead of native quinone. 2MP
modified Au electrode could have the redox
response of dichlorobenzoquinone (DCBQ)
reversibly, however, the other electrodes

could not have the redox response (Figure 7).

This implies that the 2MP plays a role as a
mediator between the quinone and the Au
substrate.

Other possible reasons for the enhanced
current with 2MP are (a) better orientation
of the RCs and (b) lowering of the electron
injection barrier. For efficient electron
injection into proteins, the work function of
the electrode has to match the energy level
of the lowest unoccupied molecular orbital
(LUMO) or highest occupied molecular
orbital (HOMO) of the conducting species.
Tuning of the metal work function with
SAM enables the current density in organic
solar cells to be increased,* as demonstrated
by several studies using of m-conjugated

thiols to decrease the injection barrier. If the
I-V measurements are performed on RCs
sandwiched between a 2MP-modified
Au(111) substrate and a 2MP-modified
Au-coated probe (Figure 6d), then in
principle the effect of lowering the carrier
injection barrier can be distinguished from
the effect of orientation of the RCs.

3.3. I-V curves measured with a
2MP-modified probe

The tip radius of the chemically-modified
probe was evaluated by the surface
observation of an Au nanoparticle array that
had an uniform size (30nm-diameter as
determined by Transmission Electoron
Microscope (TEM)) (Figure 8).% If the tip
radius becomes too large this will increase
the contact area between tip and RCs, which
will cause an apparent enhancement of the
measured current.

Figure 9a shows the AFM topograph of
this Au nanoparticle array using a
chemically-modified probe that was made
with a dipping time of 2h. A clear image of
the 30nm-diameter particles was obtained.
Similar images were measured with the
Au-coated probe before ~ chemical
modification.
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Figure 8a shows AFM topographs,
measured in vacuo (5x10* Pa), of RC
complexes adsorbed on a 2MP-modified
Au(111) substrate, obtained with a
2MP-modified Au-coated Si probe. The
resolution is the same as using an
unmodified Au-coated Si Probe. These
results indicate that the tip radius is about 30
nm. There was, therefore, no increase in the
contact area between probe and sample
surface due to the chemical modification.
Au-coated probes with tip radii of 10-20nm
have often been used in previous CAFM
measurements of monolayers.”> *® The tip
radius of the chemically-modified probes
used in our study are, therefore, only a little
larger than those used by other groups.

Stable 1-V curves were obtained using a
2MP coated Au-coated probe prepared with
a dipping time of 2h. Using
chemically-modified probes prepared with
shorter dipping times (<1 h) the AFM
images were similar but the CAFM current
though RC s became quite unstable. The I-V
curve of RCs sandwiched between a
2MP-modified Au(111) substrate and a
2MP-modified Au-coated probe is shown in
Figure 9b and compared with the I-V curve
obtained using an Au-coated probe alone.
The current value of over 1 nA at 1 V with
the 2MP-modified probe was twice as high
than with the Au-coated one. This is a
striking enhancement of the current, where
the current rectification behavior was very
similar to that seen using the unmodified
Au-coated probe and the 2MP-modified
Au(111) surface, implies that 2MP has an
important role in lowering the electron
injection barrier between RC s and the
Au-coated electrode at both the probe
(Figure 6d circle A) and the substrate
(Figure 6d circle B) interface.

In nature, electron transfer takes place in
photosynthetic RCs.*’ In Figure 6b the 3D
structure of the RCs and their electron
transfer pathway are shown. The BChl
dimer P, a monomeric BChl, a
bacteriopheophytin (H) and a quinone (Q)
are the necessary electron transfer

Current (mA)

components. Direct excitation with light or,
indirectly, by resonance energy transfer
from an antenna complex first promotes an
electron on P to an excited singlet state.
Electrons are then transferred along the
chain of pigments associated with the
L-subunit of the RC i.e. from P to BChl_
(0.47 nm transfer distance), to H,_ (0.38 nm
transfer distance) and finally to Q. (0.9 nm
transfer distance).

Higher currents were only seen with
applied positive voltages to Au(l111)
substrate (negative ones to the AFM tip).
This would be consistent with the RCs
having their cytoplasmic side (H chain)
facing the substrate. This observed
preferential orientation of RCs probably
results from the surface character of
SAM-modified Au(l111) substrate. SAM
modified Au(111) substrates, modified with
2ME, 4MP or 2MP form a hydrophilic
surface. Adsorption of the RCs onto these
SAM-modified substrates would favor an
interaction via the main hydrophilic surface
of RCs that is the H chain (Figure 6¢). This
would then present the top of the L and M
subunits to the AFM tip.”® It is tempting to
propose that the electron pathway mentioned

-0.4 -02 0
Potential (V)

Figure 7. Cyclic voltammograms  of
dichlorobenzoquinone (DCBQ) for 2ME, MA,
2MP and 4MP self-assembled onto a gold
electrode and a bare gold electrode in 0.1 M
phosphate buffer containing DCBQ and 0.1 M
NaClO,. The gold electrodes were cleaned by
Ozone. The substrates were soaked in 1mM

2ME, MA, 2MP and 4MP.

-0.6
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Figure 9. (a) AFM topograph of the Au nanoparticle array
using a 2MP-modified probe produced by dipping in a SAM
solution for 2h. (b) The structure of the Au nanoparticle

Figure 8. (@) AFM topograph of the Au nanoparticle
array using a 2MP-modified probe produced by
dipping in a SAM solution for 2h. (b) The structure of

the Au nanonarticle arrav.

above also operates in this study. Electrons
are injected into P via the AFM tip at
positive voltage and electrons are then
transferred along the pigments associated
with the L-subunit of the RC from P to
BChly, to Hy and finally to Q. (Figure 6b).
The reduced Qp could then be directly
oxidized by the substrate under the influence
of the applied voltage. In this study,
modification by 2MP is useful for the
electron transfer due to not orientation of
RC but lowering electron injection barrier.
The rate constants for electron transfer in the
case of Rb. sphaeroides have been
determined. The rates for back electron
transfer (Qr to Hp to Bp to P) are
significantly lower than the forward ones.*
This could then explain the difference that
lies at the root of the observed asymmetry in
the current output between the applied
positive and negative voltages.*’ Cyt-c or
azurin show step like /I-V curves due to a
double tunneling junction (DTJ) of the RS in
the protein sandwiched by probe and metal
substrate, via an insulator.”® This stepwise
behavior was not observed here in -V
curves of the RCs.

The Fermi level of both electrodes
(AFM tip and substrate) is the same,
therefore, the rectifying behavior is most
probably either an intrinsic property of the
RCs themselves or due to an interfacial
property between RCs and the metal

array®

electrode. The RCs were oxidized on the
substrate, observed from the peak of the
absorption spectra, indicating that the Au
substrate is electron withdrawing for RCs.
However, in this case, Fermi level is very
near among the substrate and the tip and
thus, we conclude the charge transport is not
much different compared with the reduced
form of RC because the cantilever is also
coated with gold. The possibility cannot be
discounted, however, that the observed
asymmetry in the measured I-V curves is
due to the formation of a Schottky barrier.*
Schottky barriers are formed when a metal is
brought in physical contact with a
semiconductor. At the interface, the Fermi
level of the semiconductor is pinned by
defects, or interfacial states, and the overall
electrical properties of the device are then
dominated by the resulting Schottky barrier
height. There is still  considerable
controversy about the interface-density
distribution at metal/protein interfaces,
especially in terms of essential factors that
determine the barrier height.*® If the
direction of current rectification of the RCs
could be controlled by their orientation,
while keeping the same electrode geometry,
then the proposed presence of an inherent
rectification by the RCs would be verified.*
This, however, is a challenging problem as
well as single molecular level imaging.
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Our goal is measurement of the
step-like 1-V curve expected by theory for
the possible future prospects of the results. *
RC has 4 redox species eg. P, accesary BChl
a, bacteriopheophytin and quinone. The
redox state should be observed by I-V
measurement method. For this goal, the
resolution for these proteins should be up to
1 molecule level and the observation of
current should be up to 10 times. Our
finding of efficient electron transfer of 2MP
is very useful for the orientation and lower
electric barrier between the solid substrate
and RC for both P side and Q side interface
of RC. Synchronous of electron transfer
between input and output of RC is the most
difficult one, *? since the excessive electron
and hole may destroy RC. Thus, further
explore of SAM molecules is important in
constructing an artificial device using RC.
The trial device of RC is already made by

SAM method with C60 2" or cytochrome ¢ >,

We recently use LH1-RC for building
devices since the LH1 enhances the stability
of RC as well as the photosensitizer effect of
the LH complex .****/

In conclusion, using CAFM we have
measured  the  electrical  conduction
properties of RCs sandwiched between a
Au-coated probe and a Au(111) substrate in
vacuo. The modification of the Au(111)
substrate with the m-conjugated thiol, 2MP,
was effective in both promoting the specific
orientation of the RCs on the electrode and
enhancing of the current. Higher currents
at positive voltages applied to the Au(111)
substrate and negative ones applied to the
AFM tip imply that RCs have their
cytoplasmic side (H chain) facing the
substrate as described above. CV data
indicate that the 2MP play as mediator
between quinone in RC and the gold
substrate. We found also that 2MP
modification of both the Au-coated probe
and the Au(111) substrate was even more
effective in promoting electron injection into
the RC, in the presence of an appropriately
directed external bias voltage between the
upper probe and the substrate. These

properties were strongly supported by CV.
2MP is therefore, a better chemical modifier
for Au(111) with which to measure CAFM
of single RCs.
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The apparent conductance could be
calculated under literature of Adams et
al.®® That shows estimation of relations
between electron transfer rate and
conductance. The electron transfer rate
k=k(tunneling) should be calculated by
electrochemical method (CV).
Unfortunately, we could not measure the
redox potential of RC (data not shown).
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